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Abstract
In this paper we present an in-depth analysis of a recently proposed Standard
Model extension with a complete fourth generation of quarks and leptons, which are
vector-like with respect to the Standard Model gauge group and charged under a
new spontaneously broken vector-like U(1)′ gauge symmetry. The model is designed
to explain the known muon anomalies, i.e. the observed deviations from Standard
Model predictions in the anomalous magnetic moment of the muon, ∆aµ, and in
b → s`+`− processes. We perform a global χ2 analysis of the data with 65 model
parameters and including 98 observables. We find many points with χ2 per degree
of freedom ≤ 1. The vector-like leptons and the new heavy Z ′ are typically much
lighter than a TeV and would, thus, be eminently visible at the HL-LHC.
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1 Introduction
In the search for physics beyond the Standard Model (SM) one certainly looks for new
particles produced at the LHC. Absent any new discoveries, one then considers experi-
mental discrepancies with SM predictions. There will always be 2σ or 3σ discrepancies,
some of which are real and some of which are just statistical fluctuations. In an attempt
to distinguish these two possibilities, one might focus on a cluster of discrepancies which
can all be resolved with the same new physics. This is what we have done in a previous
letter [1]. We have shown that the muon anomalies associated with the anomalous mag-
netic moment of the muon, ∆aµ, and the angular and lepton non-universality anomalies in
b→ s`+`− decays can simultaneously be resolved by the addition to the SM of a complete
vector-like (VL) family of quarks and leptons together with a new U(1)′ gauge symmetry
carried only by the new VL states. VL leptons are introduced for ∆aµ in Refs. [2–5].
The b → s`+`− anomaly is addressed by introducing a Z ′ boson [6–9] and new parti-
cles which induce box diagram contributions [10–18]. Both anomalies can be explained
simultaneously in models with VL fermions and a Z ′ boson [19–23].
In the present paper, we perform a global χ2 analysis of these phenomena with the
addition of all SM processes that might feel the effects of mixing between the VL family
and the SM families. We find many solutions with χ2/Nd.o.f. ≤ 1. Moreover, the model is
highly testable via both direct observation of new physics at the LHC or via the improved
analysis of SM processes. For example, precision measurements of K-K¯ and Bd-B¯d mixing
may be sensitive to the new physics. Finally, the tight observational constraints on the
µ→ eγ branching ratio hinders a simultaneous fit to ∆aµ and ∆ae. We can only fit one
but not both, and we choose to fit the former.
The paper is organized as follows. In Section 2 we briefly review the details of the
model and describe the mass mixing between the SM and VL states. In Section 3 we
provide the theoretical formulae for calculating the 98 observables in our analysis. In
Section 4 we present the results of the χ2 analysis with many plots illustrating the range
of VL masses and the quality of the fits. In addition we choose four “best fit points”
to illustrate some of the new physics processes which are, in principle, observable at the
LHC. Finally, in Section 5 we summarize our results. More details of the fits are presented
in the Appendices.
2 Model
2.1 Matter Content and Fermion Mass Matrices
We study a model with a complete VL fourth family and U(1)′ gauge symmetry. The
quantum number of all particles are listed in Tables 1 and 2. The SU(2)L doublets in the
SM are defined as qLi = (uLi, dLi), lLi = (νLi, eLi), H = (H0, H−). Here, i = 1, 2, 3 runs
over the three SM families. The exotic doublets are QL = (U
′
L, D
′
L), LL = (N
′
L, E
′
L),
QR = (−D′R, U ′R), LR = (−E ′R, N ′R). Only the VL fermions and U(1)′ breaking scalar Φ
are charged under the U(1)′ gauge symmetry. This model is trivially anomaly-free since
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Table 1: Quantum numbers of SM particles. Here, i = 1, 2, 3 runs over the three SM
families. The electromagnetic charge of a fermion f is Qf = T
3
f + Yf/2.
qLi uRi dRi lLi eRi νRi H
SU(3)C 3 3 3 1 1 1 1
SU(2)L 2 1 1 2 1 1 2
U(1)Y 1/3 -4/3 2/3 -1 2 0 -1
U(1)′ 0 0 0 0 0 0 0
Table 2: Quantum numbers of new fermion and scalar fields.
QL UR DR LL ER NR QR UL DL LR EL NL φ Φ
SU(3)C 3 3 3 1 1 1 3 3 3 1 1 1 1 1
SU(2)L 2 1 1 2 1 1 2 1 1 2 1 1 1 1
U(1)Y 1/3 -4/3 2/3 -1 2 0 -1/3 4/3 -2/3 1 -2 0 0 0
U(1)′ -1 1 1 -1 1 1 1 -1 -1 1 -1 -1 0 -1
the U(1)′ charges are vector-like. A singlet real scalar φ is introduced to model mass
terms for the VL fermions.
In the gauge basis, the Yukawa couplings are given by
LYukawa = LSM + LH + Lφ + LΦ + h.c. , (2.1)
with
LSM := uRiyuijqLjH˜ + dRiydijqLjH + eRiyeijlLjH + νRiynijlLjH˜ , (2.2)
LH := λuURQLH˜ + λdDRQLH + λeERLLH + λnNRLLH˜
+ λ′uQRHUL − λ′dQRH˜DL − λ′eLRH˜EL + λ′nLRHNL , (2.3)
Lφ := φ
(
λQVQRQL − λUVURUL − λDVDRDL
+ λLVLRLL − λEVEREL − λNV NRNL
)
, (2.4)
LΦ := Φ
(
λQi QRqLi + λ
L
i LRlLi
)
− Φ∗ (λUi uRiUL + λDi dRiDL + λEi eRiEL + λNi νRiNL) . (2.5)
Here, H˜ := iσ2H
∗ = (H∗−, −H∗0 ) and i, j = 1, 2, 3 label the SM generations.
The neutral scalar fields acquire Vacuum Expectation Values (VEVs) given by vH :=
2
〈H0〉, vΦ := 〈Φ〉, vφ := 〈φ〉. The 5× 5 Dirac mass matrices are given by1
eRMeeL :=
(
eRi ER E
′
R
)
yeijvH 0i λ
E
i vΦ
0j λevH λ
E
V vφ
λLj vΦ λ
L
V vφ λ
′
evH


eLj
E ′L
EL
 , (2.6)
nRMnnL :=
(
νRi NR N
′
R
)
ynijvH 0i λ
N
i vΦ
0j λnvH λ
N
V vφ
λLj vΦ λ
L
V vφ λ
′
nvH


νLj
N ′L
NL
 , (2.7)
uRMuuL :=
(
uRi UR U
′
R
)
yuijvH 0i λ
U
i vΦ
0j λuvH λ
U
V vφ
λQj vΦ λ
Q
V vφ λ
′
uvH


uLj
U ′L
UL
 , (2.8)
dRMddL :=
(
dRi DR D
′
R
)
ydijvH 0i λ
D
i vΦ
0j λdvH λ
D
V vφ
λQj vΦ λ
Q
V vφ λ
′
dvH


dLj
D′L
DL
 . (2.9)
For electrically charged fermions, f = u, d, e, the mass basis is defined as
fˆL :=
(
U fL
)†
fL, fˆR :=
(
U fR
)†
fR, (2.10)
where unitary matrices diagonalize the Dirac matrices as
(U eR)
†MeU eL = diag(me,mµ,mτ ,mE1 ,mE2), (2.11)
(UuR)
†MuUuL = diag(mu,mc,mt,mU1 ,mU2), (2.12)(
UdR
)†MdUdL = diag(md,ms,mb,mD1 ,mD2). (2.13)
Here, mEa ,mUa ,mDa (a = 1, 2) are masses for the new charged leptons, up and down
quarks, respectively. These are predominantly the VL fermions of the gauge basis.
We consider the type-I see-saw mechanism to explain the tiny neutrino masses. Since
the U(1)′ gauge symmetry prohibits Majorana masses for the VL family, only three fam-
ilies of right-handed neutrinos have Majorana masses,
LMaj = −1
2
νRiM
ij
Majν
c
Rj. (2.14)
The Majorana masses are assumed to be M ijMaj ∼ 1014 GeV. The mass matrix for the
neutrinos is then a 10× 10 matrix,
NRMNNL :=
(
nR n
c
L
)( MR Mn
(Mn)T 05×5
)(
ncR
nL
)
, (2.15)
1 Of course, for VL fermions there is always the possibility of rigid, Lagrangian-level mass terms.
However, for all our purposes the effect of those terms is completely equivalent to the masses induced by
the VEV of φ and so we do not include such terms here.
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where the Dirac mass matrixMn is defined in Eq. (2.7). The 5×5 Majorana mass matrix
is given by
MR =

M ijMaj 0i 0i
0j 0 0
0j 0 0
 . (2.16)
After diagonalizing this matrix, there are three left-handed Majorana neutrinos νˆLi with
mass of O (v2H/MMaj), and three right-handed Majorana neutrinos νˆRi with mass of
O (MMaj) as in the ordinary type-I see-saw mechanism. In addition to these, there are two
Dirac neutrinos N1, N2 with mass of O (vφ) which are predominantly the VL neutrinos
of the gauge basis. Mixing between the left- and right-handed neutrinos is suppressed by
the huge Majorana mass terms. An approximate mass basis is then defined as2
nˆL := (U
n
L)
† nL, nˆR := (UnR)
† nR, (2.17)
with unitary matrices UnL and U
n
R, given in Appendix B where we discuss the diagonal-
ization of the neutrino mass matrix more explicitly.
There are three electrically neutral scalar fields in this model. We expand them around
their VEVs as
H0 = vH +
1√
2
(h+ iaH) , Φ = vΦ +
1√
2
(χ+ iaχ) , and φ = vφ + σ. (2.18)
Here, h, χ, and σ are physical real scalar fields while the pseudo-scalar components aH
and aχ are eaten by the gauge bosons. We introduce effective quartic couplings of the
scalars χ and σ, which parametrize the scalar masses as
m2χ = λχv
2
Φ, m
2
σ = λσv
2
φ. (2.19)
In this paper, we do not specify a scalar potential in this model and treat their VEVs
and the effective quartic couplings as input parameters. For an effective quartic coupling
λχ in a perturbative regime and a sizable gauge coupling g
′, the masses of χ and the Z ′
gauge boson should roughly be of the same order. This is important, since the Yukawa
couplings of χ together with vΦ set the scale of mass mixing between VL particles and
the SM families. The fact that this mixing is necessary for an explanation of the muon
anomalies means that also χ will give sizable contributions in our fits. In contrast, vφ
could be very large, and therefore mσ very heavy, as long as the φ-Yukawa couplings
are small enough to prevent a complete decoupling of the VL fermions. The scalar σ,
thus, can be very heavy and its contributions irrelevant for all discussed observables. In
fact, this limit resembles the case of rigid tree-level VL masses. Consistent with that,
contributions from σ are always negligible at the best fit points we discuss below.
2 In principle, the rotation that diagonalizes the neutrino mass matrix mixes left- and charge conju-
gated right-handed states. However, the effects of this mixing are suppressed by O (vH/MMaj) and so we
will neglect them here and in the following, see Appendix B for details.
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2.2 Gauge and Yukawa Couplings
In the gauge basis, there are no interactions between the Z ′ boson and the SM fermions.
In order to explain the muon anomalies, the SM families are required to mix with the VL
families. Consequently, also the SM gauge couplings of quarks and leptons will receive
corrections from these mixing effects. Of course, these couplings must remain consistent
with all SM observables and we shall verify this. For this discussion we combine left- and
right-handed fermions to Dirac fermions as
f := (fL, fR) , where f = u, d, e, n . (2.20)
2.2.1 Neutral Gauge Couplings
The fermion couplings to the Z ′ boson are given by
LZ′ = g′Z ′µ
∑
f=u,d,e,n
fγµ
(
Q′fLPL +Q
′
fR
PR
)
f (2.21)
= Z ′µ
∑
f=u,d,e,n
fˆγµ
(
gˆZ
′
fL
PL + gˆ
Z′
fR
PR
)
fˆ , (2.22)
where the charge matrices in the gauge basis are
Q′fL = Q
′
fR
= diag (0, 0, 0,−1,−1) . (2.23)
The coupling matrices in the mass basis are
gˆZ
′
fL
= g′
(
U fL
)†
Q′fLU
f
L and gˆ
Z′
fR
= g′
(
U fR
)†
Q′fRU
f
R. (2.24)
The Z boson couplings are given by
LZ = g
cW
Zµ
∑
f=u,d,e,n
fγµ
[(
T f3 P5 −Qfs2W15
)
PL +
(
T f3 P5 −Qfs2W15
)
PR
]
f (2.25)
= Zµ
∑
f=u,d,e,n
fˆγµ
(
gˆZfLPL + gˆ
Z
fR
PR
)
fˆ , (2.26)
where Qf and T
f
3 are the electromagnetic charge and third component of the weak isospin
for a fermion f , respectively, while sW (cW ) denotes the (co)sine of the weak mixing angle.
The flavor space projectors are defined as
P5 := diag (0, 0, 0, 0, 1) and P5 := 15 − P5 = diag (1, 1, 1, 1, 0) . (2.27)
The coupling matrices in the mass basis are given by
gˆZfL =
g
cW
[
T f3
(
U fL
)†
P5U
f
L −Qfs2W15
]
, gˆZfR =
g
cW
[
T f3
(
U fR
)†
P5U
f
R −Qfs2W15
]
.
(2.28)
In general, this model has tree-level flavor changing neutral vector currents mediated by
the Z boson. However, for the SM generations these are automatically suppressed by
O(m2fSM/M2FVL) coefficients which we show analytically in Appendix B. Here, mfSM and
MFVL denote the mass of the SM fermion fSM, as well as the mass of the VL fermion FVL.
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2.2.2 CKM and PMNS Matrices
The fermion couplings to the W boson are given by
LW = g√
2
W+µ [uγ
µ (P5PL + P5PR) d+ nγ
µ (P5PL + P5PR) e] + h.c. (2.29)
= W+µ
[
uˆγµ
(
gˆWqLPL + gˆ
W
qR
PR
)
dˆ+ nˆγµ
(
gˆW`LPL + gˆ
W
`R
PR
)
eˆ
]
+ h.c. (2.30)
In the mass basis, the coupling matrices are
gˆWqL =
g√
2
(UuL)
† P5U
d
L, gˆ
W
qR
=
g√
2
(UuR)
† P5UdR, (2.31)
gˆW`L =
g√
2
(UnL)
† P5U
e
L, gˆ
W
`R
=
g√
2
(UnR)
† P5U eR. (2.32)
The extended 5× 5 CKM matrix VˆCKM is defined as
VˆCKM := (U
u
L)
† P5U
d
L . (2.33)
Since one of the left-handed quarks is an SU(2)L singlet this extended CKM matrix has
only rank 4 and is, therefore, clearly non-unitary. Correspondingly, there exist right-
handed charged current interactions which are completely absent in the SM. Also the
3 × 3 sub-matrix, which corresponds to the SM CKM matrix, is generally non-unitary
due to mixing with the VL quarks. Again these effects are suppressed by O(m2fSM/M2FVL)
coefficients. In addition, the right-handed current interactions to the SM quarks are also
suppressed and at most O (10−4) as shown in Eq. (B.64), see Appendix B. These are
negligible against experimental sensitivities.
The mixing between the SM and VL neutrinos are suppressed by the huge Majorana
mass term. In Appendix B, we found that non-unitarity of the 3 × 3 PMNS matrix
is induced by the Yukawa coupling λn and tiny mixing angles between the SM and VL
charged leptons, that is U2eL in Eq. (B.18). In other words, there would be non-zero mixing
between the SM neutrinos and the Dirac neutrinos if λn ∼ 1. This is an interesting
possibility, but is beyond the scope of this paper. We consider a parameter space where
λn  1 and the PMNS matrix is approximately unitary. The details of neutrino mass
diagonalization as well as the definition of the PMNS matrix are shown in Appendix B.
2.2.3 Yukawa Couplings
The Yukawa interactions with the real scalars are given by
−LYukawa = 1√
2
∑
f=u,d,e,n
fR
[
hY hf + χY
χ
f + σY
σ
f
]
fL + h.c. (2.34)
=
1√
2
∑
S=h,χ,σ
∑
f=u,d,e,n
SfˆRYˆ
S
f fˆL + h.c. (2.35)
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Here the Yukawa matrices for the fermions in the gauge basis are given by
Y hf :=
dMf
dvH
, Y χf :=
dMf
dvΦ
, Y σf :=
√
2
dMf
dvφ
, (2.36)
with the mass matrices of Eqs. (2.6)-(2.9). In the mass basis, these are
Yˆ Sf =
(
U fR
)†
Y Sf U
f
L, for S = h, χ, σ. (2.37)
As in the Z and W boson couplings, the flavor violating couplings to the Higgs boson is
automatically suppressed by O (m2fSM/M2FVL), see Appendix B.
2.2.4 Landau Pole Constraints on the U(1)′ Gauge Coupling
As already discussed in more detail in [1], the U(1)′ gauge coupling g′ diverges at a Landau
pole at the scale
Λg′ ' µZ′ exp
(
24pi2
65 g′(µZ′)
2
)
. (2.38)
Here µZ′ ∼ 1 TeV is the scale where we define the couplings of our model. In order for
the model to be consistent up to a typical GUT scale of Λg′ ∼ 1016 GeV, we require
g′(1 TeV) < 0.35 in our analysis.
3 Observables
In our model, ∆aµ is explained by chirally enhanced 1-loop corrections involving the Z
′
boson and VL leptons. At the same time, tree-level Z ′ exchange induces new contribu-
tions to b → s`+`−. An explanation for ∆aµ requires sizable Z ′ couplings to muons, in
agreement with those necessary to explain deviations in b→ sµµ. The required mixing of
the SM and VL fermions may, thus, induce new physics effects in various observables in
both, lepton and quark sectors. We have already shown that this model can explain the
muon anomalies without spoiling other observables in Ref. [1]. The purpose of the present
paper is to completely map out the parameter space where muon anomalies are explained
consistently with all other observables, and at the same time discuss the consequences for
future experiments. In this section, we introduce the 98 observables included in our χ2
analysis. In our analysis, 1σ uncertainties for observables which only have upper bounds
are set so that 1.64σ (1.96σ) deviation gives a value of 90% (95%) C.L. limit.
3.1 Charged Leptons
Here we study the charged lepton masses, lepton decays, as well as lepton anomalous
magnetic moments. Central values and uncertainties of the observables are listed in
Table 3.
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Table 3: Central values and uncertainties of charged lepton observables. Uncertainties
stated in percent are understood as uncertainties relative to their central values.
Name Center Uncertainty Remark
me(mZ) [MeV] 0.486576 0.01 % Ref. [24]
mµ(mZ) [MeV] 102.719 0.01 % Ref. [24]
mτ (mZ) [GeV] 1.74618 0.01 % Ref. [24]
BR(µ→ eνν) 1.0000 0.01 % SM
BR(µ→ eγ) 0. 2.6×10−13 Ref. [25]
BR(µ− → e−e+e−) 0. 6.1×10−13 Ref. [25]
BR(τ → eνν) 0.179 0.01 % SM
BR(τ → µνν) 0.174 0.01 % SM
BR(τ → eγ) 0. 2.0 ×10−8 Ref. [25]
BR(τ → µγ) 0. 2.7 ×10−8 Ref. [25]
BR(τ− → e−e+e−) 0. 1.6×10−8 Ref. [25]
BR(τ− → e−µ+µ−) 0. 1.6×10−8 Ref. [25]
BR(τ− → µ−e+µ−) 0. 1.0×10−8 Ref. [25]
BR(τ− → µ−e+e−) 0. 1.1×10−8 Ref. [25]
BR(τ− → e−µ+e−) 0. 1.0×10−8 Ref. [25]
BR(τ− → µ−µ+µ−) 0. 1.3×10−8 Ref. [25]
∆ae -8.7 ×10−13 3.6 ×10−13 Ref. [26]
∆aµ 2.68×10−9 0.76 ×10−9 Ref. [25]
We fit the charged lepton masses to the values calculated from Yukawa couplings at
mZ = 91.2 GeV [24]. Charged lepton masses are experimentally known with accuracy
much better than what makes sense to provide in our analysis. We, thus, assume 0.01%
relative uncertainties for the lepton masses.
3.1.1 Anomalous Magnetic Moment
There are discrepancies between experiments and SM predictions for both, the electron
and muon magnetic moment. The current size of the discrepancies are [25,26]
∆ae := a
exp
e − aSMe = (−87± 36)× 10−14, (3.1)
∆aµ := a
exp
µ − aSMµ = (2.68± 0.76)× 10−9. (3.2)
Simultaneous explanations for these two anomalies are studied in Refs. [26–36].
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The 1-loop beyond the SM corrections involving Z ′, Z and W bosons to ∆aµ are given
by [4, 37]
δZ′aµ =− mµ
8pi2m2Z′
5∑
B=1
[(∣∣∣[gˆZ′eL]2B∣∣∣2 + ∣∣∣[gˆZ′eR]2B∣∣∣2
)
mµFZ(x
Z′
eB
) (3.3)
+Re
([
gˆZ
′
eL
]
2B
[
gˆZ
′
eR
]∗
2B
)
meBGZ(x
Z′
eB
)
]
,
δZaµ =− mµ
8pi2m2Z
5∑
b=4
[(∣∣[gˆZeL]2b∣∣2 + ∣∣[gˆZeR]2b∣∣2)mµFZ(xZeb) (3.4)
+Re
([
gˆZeL
]
2b
[
gˆZeR
]∗
2b
)
mebGZ(x
Z
eb
)
]
,
δWaµ =− mµ
16pi2m2W
5∑
b=4
[(∣∣[gˆW`L ]b2∣∣2 + ∣∣[gˆW`R]b2∣∣2)mµFW (xWnb) (3.5)
+Re
([
gˆW`L
]
b2
[
gˆW`R
]∗
b2
)
mNbGW (x
W
nb
)
]
,
where xVeB := m
2
eB
/m2V (V = Z,Z
′) and xWnb := m
2
nb
/m2W . Here, me(n)B is the mass of the
B-th generation charged(neutral) lepton. The flavor index B = 1, . . . , 5 runs over all five
families, while b = 4, 5 runs only over the VL family. The loop functions are defined as
FZ(x) =
5x4 − 14x3 + 39x2 − 38x− 18x2 ln (x) + 8
12(1− x)4 , (3.6)
GZ(x) =
x3 + 3x− 6x ln (x)− 4
2(1− x)3 , (3.7)
FW (x) = − 4x
4 − 49x3 + 78x2 − 43x+ 18x3 ln (x) + 10
6(1− x)4 , (3.8)
GW (x) = − x
3 − 12x2 + 15x+ 6x2 ln (x)− 4
(1− x)3 . (3.9)
The scalar 1-loop beyond the SM contributions to ∆aµ are given by [4, 37]
δhaµ =− mµ
32pi2m2h
∑
b=4,5
[(∣∣∣[Yˆ he ]
2b
∣∣∣2 + ∣∣∣[Yˆ he ]
b2
∣∣∣2)mµFS(yheb) (3.10)
+Re
([
Yˆ he
]
2b
[
Yˆ he
]
b2
)
mebGS(y
h
eb
)
]
,
δSaµ =− mµ
32pi2m2S
5∑
B=1
[(∣∣∣[Yˆ Se ]
2B
∣∣∣2 + ∣∣∣[Yˆ Se ]
B2
∣∣∣2)mµFS(ySeB) (3.11)
+Re
([
Yˆ Se
]
2B
[
Yˆ Se
]
B2
)
meBGS(y
S
eB
)
]
,
where S = χ, σ. Here, yheb := m
2
eb
/m2h and y
S
eB
:= m2eB/m
2
S. The loop functions are defined
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Figure 1: Contour plot of the functions CZ′(xL, xR) and Cχ(yL, yR) defined in Eq. (3.16).
as
FS(y) = − y
3 − 6y2 + 3y + 6y ln (y) + 2
6(1− y)4 , (3.12)
GS(y) =
y2 − 4y + 2 ln (y) + 3
(1− y)3 . (3.13)
Analogous formulae for ∆ae are obtained by formally replacing 2→ 1 and µ→ e.
We now discuss the leading contributions to ∆aµ analytically. This will be important
to understand upper bounds on vΦ and the masses of VL leptons stated below. The new
physics contribution to ∆aµ is dominated by chirally enhanced effects proportional to
λ′evH , namely the Higgs-VEV induced mixing between left- and right-handed VL leptons.
Contributions involving the SM bosons are very suppressed. The leading contribution can
be estimated as
∆aµ ∼ − mµλ
′
evH
64pi2v2Φ
s2µLs2µRCLR ∼ 2.9× 10−9 ×
(
s2µLs2µRCLR
0.1
)(
λ′e
−1.0
)(
1 TeV
vΦ
)2
,
(3.14)
where s2µL(R) are mixing angles between the muon and VL leptons and CLR is a function
of the mass ratios that we will define shortly. The mixing angles are approximately given
by (see Appendix B for details)
s2µL = 2sµLcµL ∼ 2
λLV vφ
MEL
λL2 vΦ
MEL
, s2µR = 2sµRcµR ∼ 2
λEV vφ
MER
λE2 vΦ
MER
. (3.15)
Here, MEL and MER the masses of the doublet- and singlet-like VL leptons which can be
approximated as M2EL ∼
(
λLV vφ
)2
+
(
λL2 vΦ
)2
and M2ER ∼
(
λEV vφ
)2
+
(
λE2 vΦ
)2
. The mixing
angles are maximized at λLV vφ = λ
L
2 vΦ, and λ
E
V vφ = λ
E
2 vΦ.
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The dimensionless function CLR is defined in (B.46) in Appendix B. It can be approx-
imated as
CLR := CZ′(xL, xR) + Cχ(yL, yR) (3.16)
≈ √xLxRGZ(xL)−GZ(xR)
xL − xR +
1
2
√
yLyR
yLGS(yL)− yRGS(yR)
yL − yR ,
with xL,R := M
2
EL,R
/m2Z′ and yL,R := M
2
EL,R
/m2χ. Figure 1 shows contour plots of the
functions CZ′ and Cχ. CZ′ has a maximum value ∼ 0.272 at xL = xR ∼ 0.433. CZ′(Cχ)
is always positive (negative) and |CZ′| > |Cχ| at most parts of the parameter space.
Altogether, an upper bound on ∆aµ is given by
∆aµ .
mµvH
64pi2v2Φ
CZ′ := ∆a
max
µ . (3.17)
The equality is saturated when λ′e ∼ −1.0, s2µL ∼ s2µR ∼ 1 and Cχ ∼ 0. Inserting the
maximal value of CZ′ one finds
∆aµ . 2.74× 10−9 ×
(
1.7 TeV
vΦ
)2
. (3.18)
Thus vΦ . 1.7 TeV is required to explain ∆aµ. Moreover,
MEL ∼MER ∼
√
0.433 ·mZ′ . 550 GeV , (3.19)
is required to maximize CZ′ . We are interested in upper bounds on the lightest VL charged
lepton. For a fixed lightest VL charged lepton mass, the function CZ′ is maximized if the
heavier state has the same mass, i.e. MEL = MER := ME. Then xL = xR := x, and
CZ′(x, x) = x
dGZ(x)
dx
=
3x [x2 + 4x− 5− 2(2x+ 1) log x]
2(1− x)4 . (3.20)
Figure 2 shows contours of ∆amaxµ = 2.68 × 10−9 in the (mZ′ , ME) plane where CZ′
is replaced by Eq. (3.20) and the gauge coupling constant g′ is fixed. Different colors
correspond to different values of g′. ∆aµ = 2.68 × 10−9 can be realized only inside the
contours for a given g′. We further restrict the VL masses by ME <
√
2vΦ, because the
condition s2µL = s2µR = 1 requires MEL = MER =
√
2λE2 vΦ ≤
√
2vΦ. The last inequality
comes from our requirement for perturbativity, λE2 ≤ 1. This condition is depicted by the
straight lines in Fig. 2. Altogether, the upper bound on the VL lepton mass is about 1.4
TeV where mZ′ ∼ 500 GeV and g′ = 0.35. Note that mE1 ∼ 1.4 TeV is realized only if
all of the conditions are satisfied: (1) s2µL ∼ s2µR ∼ 1, (2) λ′e ∼ −1.0, (3) Cχ ∼ 0 (4)
mZ′ ∼ 500 GeV, (5) MEL ∼ MER and (6) g′ ∼ 0.35. Consequently, the upper bound
is hardly ever saturated. The dashed lines in Fig. 2 show the same contour but the
destructive χ contribution with mχ = 100 GeV is added to CZ′ . mχ = 100 GeV is chosen
to minimize the Cχ contribution. Including the scalar contribution, the upper bound on
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Figure 2: Contours in the (mZ′ , mE) plane which realize the maximal possible value of
∆aµ = 2.68× 10−9 for several values of g′. The solid (dashed) lines are obtained without
(with) the scalar contribution Cχ, where for the purpose of the plot mχ = 100 GeV.
ME >
√
2vΦ on the left of the straight lines. The dots and crosses represent best fit
points (which in particular fit ∆aµ in the 1σ allowed region). Details will be explained in
detail in Section 4. Red (green) dots have χ2 < 28 (33), while points which are excluded
by other data are shown as crosses or pluses.
mE is tightened to 1.3 TeV. Clearly the actual upper bound will be lower if some of the
conditions (1)-(6) are not satisfied. The points shown in Fig. 2 are results of our fit. As
anticipated, good fits are only obtained for points within the contours. The details of our
analysis will be shown in the next section.
On a different note, a lighter scalar χ allows one to explain ∆aµ with smaller Z
′
contribution (see Figure 1), especially when the VL leptons are heavy. yL,R  1 or yL,R 
1 is favored to suppress the destructive contributions from Cχ. In the phenomenologically
viable parameter space, MEL,R & 250 GeV and a lower bound on yL,R is
yL,R & 0.0625×
(
1 TeV
mχ
)2
. (3.21)
For yL,R ∼ 0.0625 with mχ = 1 TeV, we have Cχ ∼ −0.06 . On the other hand, yL,R ∼ 100,
corresponding to Cχ ∼ 0.004, is possible if mχ ∼ 100 GeV and MEL,R ∼ 1 TeV.
Another important consequence of ∆aµ is that the Higgs Yukawa coupling λ
′
e should
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Table 4: Values of constants for charged lepton decays [25].
me [MeV] 0.5109989 Γe [GeV] 0
mµ [MeV] 105.65837 Γµ [GeV] 2.99598 ×10−19
mτ [GeV] 1.77686 Γτ [GeV] 2.26735 ×10−12
g 0.65290 mW [GeV] 80.379
be ∼ −1. Of course, chiral enhancement proportional to the VL lepton mass is absent
if there is no mixing between the left-handed and right-handed VL leptons. In other
words, ∆aµ is enhanced by the left-right mixing induced by the Higgs VEV vH and not
directly by the VL lepton masses. Hence, ∆aµ is proportional to λ
′
e. For this reason, the
U(1)′ charge assignment in our model must not be universal for (LL, ER), but must be
flipped as in Table 2. Importantly, such a charge assignment is incompatible with SO(10)
unification. However, it is still consistent with unification in the Pati-Salam gauge group,
SU(4)× SU(2)L × SU(2)R.
3.1.2 `i → `jνν
The dominant decay modes of the charged leptons are three-body decays via a W boson.
The branching fraction for a lepton `i to decay into a lighter lepton `j is given by
BR(`i → `jνν) =
3∑
k,l=1
∣∣[gˆW`L ]ki∣∣2 · ∣∣∣[gˆW`L ]lj∣∣∣2
1536pi3Γ`i
m5`i
m4W
F`
(
m2`j
m2`i
)
, (3.22)
where m`i and Γ`i are the mass and decay width of the lepton `i, respectively. The
function F` is given by
F`(y) = 1− 8y + 8y3 − y4 − 12y2 log y. (3.23)
Experimental values of the lepton masses and decay widths are listed in Table 4. For the
muon decay rate, the tree-level branching fractions are multiplied by a QED correction
factor ηQED = 0.995802 [25]. This factor is less important for tau decay. Just as for
the charged lepton masses, the charged lepton decay rates are measured more precisely
than the accuracy of our numerical analysis. We assume 0.01% relative uncertainties for
these observables, remarking that we could always fit them by increasing the numerical
accuracy of our analysis. Branching fractions could deviate from their SM predictions if
the mixing between the SM families and VL family affects the W couplings. The values
obtained in our model are compared with the tree-level SM values, that are given by
replacing
[
gˆW`L
]
ij
→ g [VPMNS]ij /
√
2 in Eq. (3.22).
13
3.1.3 `i → `jγ
Lepton Flavor Violating (LFV) processes are severely constrained by experiments. We
follow [38] to calculate one-loop corrections including general gauge and Yukawa interac-
tions. The Lagrangian for general gauge and Yukawa interactions is given by
L`i→`jγ =
∑
k=i,j
∑
F
F
[∑
V
Vµγ
µ
(
LV Fk PL +R
V F
k PR
)−∑
S
S
(
LSFk PL +R
SF
k PR
)]
`k + h.c.,
(3.24)
where `k are external charged leptons, F internal fermions, V vector bosons and S scalars.
The gauge couplings in our model are identified as
LZ
′eˆA
k =
[
gˆZ
′
eL
]
Ak
, LZeˆAk =
[
gˆZeL
]
Ak
, LWnˆBk =
[
gˆW`L
]
kB
, (3.25)
RZ
′eˆA
k =
[
gˆZ
′
eR
]
Ak
, RZeˆAk =
[
gˆZeR
]
Ak
, RWNbk =
[
gˆW`R
]
kb
, (3.26)
where A,B = 1, . . . , 5, while b = 4, 5 runs only over the VL neutrinos.3 The Yukawa
couplings are given by
LSeˆAk =
1√
2
[
Yˆ Se
]
Ak
, RSeˆBk =
1√
2
[
Yˆ Se
]∗
kB
, S = h, χ, σ. (3.27)
The branching fraction is then given by
BR(`i → `jγ) = e
2
16piΓ`i
(
m`i −
m2`j
m`i
)3 (|σL|2 + |σR|2) , (3.28)
where
σL =
∑
F
[
ρWFy1 + λ
WFy2 + υ
WFy3 + ζ
WFy4
+
∑
V=Z,Z′
(
ρV Fy1 + λ
V Fy2 + υ
V Fy3 + ζ
V Fy4
)
+
∑
S=h,χ,σ
(
ρSFk1 + λ
BFk2 + υ
BFk3
) ]
. (3.29)
Here, yi, yi, and kj (with i = 1, . . . , 4 and j = 1, 2, 3) are loop functions defined in Ref. [38]
while combinations of couplings are defined as
λBF =
(
LBFj
)∗
LBFi , ρ
BF =
(
RBFj
)∗
RBFi , (3.30)
ζBF =
(
LBFj
)∗
RBFi , υ
BF =
(
RBFj
)∗
LBFi , (3.31)
3The sum for the W-boson coupling RWNbk only runs over the Dirac neutrinos because the light
neutrinos are left-handed.
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with B = S, V,W . σR is obtained from σL by formally replacing ρ
BF ↔ λBF and ζBF ↔
υBF .
Just as for ∆aµ, the dominant contribution to `i → `jγ is again a chirally enhanced
effect. To a good approximation, σL is given by
σL '
∑
b=4,5
(
meb
m2Z′
[
gˆZ
′
eR
]
jb
[
gˆZ
′
eL
]
bi
GZ(x
Z′
eb
) +
meb
4m2χ
[
Yˆ χe
]
jb
[
Yˆ χe
]
bi
GS(y
χ
eb
)
)
, (3.32)
where the loop functions GZ,S are the same as in Eqs. (3.7) and (3.13). Using the results
from Appendix B, analytic expressions for the branching fractions of µ→ eγ and τ → µγ
are given by
BR(µ→ eγ) ∼ αem
3
µ
1024pi4Γµ
(
λ′evH
2v2Φ
cµLcµRCLR
)2 (
2eRs
2
µL
+ 2eLs
2
µR
)
∼ 2.3× 10−14 ×
(
cµLcµRCLR
0.1
)2(
λ′e
1.0
)2(
1.0 TeV
vΦ
)4(2eRs2µL + 2eLs2µR
10−12
)
,
(3.33)
BR(τ → µγ) ∼ αem
3
τ
1024pi4Γτ
(
λ′evH
2v2Φ
cµLcµRCLR
)2 (
2τLs
2
µR
+ 2τRs
2
µL
)
∼ 1.5× 10−9 ×
(
cµLcµRCLR
0.1
)2(
λ′e
1.0
)2(
1.0 TeV
vΦ
)4(2τRs2µL + 2τLs2µR
10−4
)
,
(3.34)
with CLR given in Eq. (3.16). Here, eL,R (τL,R) are the mixing angles between the left-
and right-handed electrons (tauons) and the VL leptons, respectively. eL,R . 10−6 and
τL,R . 10−2 are required to suppress µ → eγ and τ → µγ, respectively. Once both of
these processes are suppressed, τ → eγ is automatically suppressed as well.
3.1.4 `i → `j`k`l
The neutral bosons also mediate LFV three-body decays, such as µ− → e−e+e−, τ− →
µ−µ+µ− and so on. Effective interactions relevant for a decay `−i → `−j `+k `−j are
L`−i →`−j `+k `−j = B
ijkj
LL
(
`iPL`j
) (
`kPL`j
)
+BijkjLR
(
`iPL`j
) (
`kPR`j
)
+ CijkjLL
(
`iγ
µPL`j
) (
`kγµPL`j
)
+ CijkjLR
(
`iγ
µPL`j
) (
`kγµPR`j
)
+ (L↔ R) + h.c. . (3.35)
The branching fraction is given by [39,40]
BR(`−i → `−j `+k `−j ) =
m5`i
1536pi3Γ`i
(3.36)
×
2
∣∣∣CijkjLL ∣∣∣2 +
∣∣∣BijkjLL ∣∣∣2
16
+ ∣∣∣∣CijkjLR − 12BijkjRL
∣∣∣∣2 + (L↔ R)
 ,
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where masses of daughter leptons are neglected. Interactions relevant for `−i → `−j `+j `−k ,
k 6= j (see Table 3) are given by
L`−i →`−j `+j `−k = B
ikjj
LL
(
`iPL`k
) (
`jPL`j
)
+BijjkLL
(
`iPL`j
) (
`jPL`k
)
+BikjjLR
(
`iPL`k
) (
`jPR`j
)
+BijjkLR
(
`iPL`j
) (
`jPR`k
)
+ CikjjLL
(
`iγ
µPL`k
) (
`jγµPL`j
)
+ CijjkLL
(
`iγ
µPL`j
) (
`jγµPL`k
)
+ CikjjLR
(
`iγ
µPL`k
) (
`jγµPR`j
)
+ CijjkLR
(
`iγ
µPL`j
) (
`jγµPR`k
)
+ (L↔ R) + h.c. . (3.37)
The branching fraction is given by [41]
BR(`−i → `−j `+j `−k ) =
m5`i
1536pi3Γ`i
[∣∣∣CikjjLL + CijjkLL ∣∣∣2 + ∣∣∣∣CijjkLR − 12BikjjRL
∣∣∣∣2 + ∣∣∣∣CikjjLR − 12BijjkRL
∣∣∣∣2
+
1
4
(∣∣∣BikjjLL ∣∣∣2 + ∣∣∣BijjkLL ∣∣∣2 + Re(BijjkLL BikjjLL ∗))]+ (L↔ R).
(3.38)
In this model, the Wilson coefficients are given by
BijklLL = −
∑
S=h,χ,σ
1
2m2S
[
Yˆ Se
]
ij
[
Yˆ Se
]
kl
, BijklLR = −
∑
S=h,χ,σ
1
2m2S
[
Yˆ Se
]
ij
[
Yˆ Se
]∗
lk
, (3.39)
BijklRL = −
∑
S=h,χ,σ
1
2m2S
[
Yˆ Se
]∗
ji
[
Yˆ Se
]
kl
, BijklRR = −
∑
S=h,χ,σ
1
2m2S
[
Yˆ Se
]∗
ji
[
Yˆ Se
]∗
lk
,
CijklXY =
∑
V=Z,Z′
1
m2V
[
gˆVeX
]
ij
[
gˆVeY
]
kl
,
where X, Y = L,R.
These LFV three body decays are dominated by Z ′ boson exchange. Using the result
in Appendix B, the Z ′ contributions to µ− → e−e+e− and τ− → µ−µ+µ− are estimated
as
BR(µ− → e−e+e−) ∼ m
5
µ
1536pi3Γµ
s2µ
6
e
2v4Φ
= 2.3× 10−40 ×
(
sµ
1/
√
2
)2 ( e
10−6
)6(1.0 TeV
vΦ
)4
,
(3.40)
BR(τ− → µ−µ+µ−) ∼ m
5
τ
1536pi3Γτ
s6µ
2
τ
2v4Φ
= 1.0× 10−9 ×
(
sµ
1/
√
2
)6 ( τ
10−2
)2(1.0 TeV
vΦ
)4
,
(3.41)
where sµ, e, and τ are the maximum values of sµL,R , eL,R and τL,R , respectively. BR(µ→
3e) is strongly suppressed by 6e and will be much smaller than BR(µ → eγ). On the
other hand, BR(τ → 3µ) scales as 2τ , and therefore in the same way as BR(τ → µγ).
BR(τ → 3µ) & BR(τ → µγ) is expected because the former is proportional to an absolute
sum of different chirality structures, while the latter is dominated by the left-right mixing
effect. All other τ decays are suppressed by additional factors of e.
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Table 5: Values of constants for EW boson sector. Masses and widths are from Ref. [25].
mW [GeV] 80.379 ±0.012 ΓW [GeV] 2.085 ±0.042
mZ [GeV] 91.1876±0.0021 ΓZ [GeV] 2.4952±0.0023
mh [GeV] 125.18±0.16 Γh [MeV] 4.07±0.16
g(mZ) [24] 0.65184±0.00018 αs(mZ) 0.1181±0.0011
s2W [25] 0.22343±0.00007 s2` [25] 0.23154±0.00003
3.2 EW Bosons
The fermion couplings to the SM bosons, namely Higgs, W and Z bosons, are also mod-
ified by the mixing to VL fermions. This might affect their decays. For instance, LFV
Higgs boson decays are predicted in models with VL leptons studied in Refs. [4, 20, 42].
All observables here are calculated at tree-level, except for h → γγ. All formulae that
we use to compute two-body decays are summarized in Appendix A. Table 5 summarizes
experimentally determined values of constants used in the EW boson observables. Ex-
perimental central values and uncertainties of the relevant observables are summarized in
Table 6.
3.2.1 W Boson Decays
There is a right-handed charged current coupling to the W boson which is absent in the
SM. Furthermore, the non-unitarity of the CKM and PMNS matrices can affect the W
boson couplings. These will alter W boson decays.
The branching fractions for W boson decays are given by
BR(W+ → e+i ν) =
mW
48piΓW
(1− xWei )2(2 + xWei )
3∑
k=1
∣∣[gˆW`L ]ki∣∣2 , (3.42)
BR(W+ → uidj) = mW
8piΓW
λ(xWui , x
W
di
)
[(∣∣∣[gˆWqL]ij∣∣∣2 + ∣∣∣[gˆWqR]ij∣∣∣2)
×
(
1− x
W
ui
+ xWdj
2
− (x
W
ui
− xWdj )2
2
)
+ 6 Re
([
gˆWqL
]
ij
[
gˆWqR
]
ij
)√
xWui x
W
dj
]
,
(3.43)
where xWfi := m
2
fi
/m2W (f = e, u, d). The function λ is defined in Eq. (A.3).
SM predictions for these decays are calculated by replacing[
gˆW`L
]
ij
→ g√
2
[VPMNS]ij ,
[
gˆWqL
]
ij
→ g√
2
[VCKM]ij , gˆ
W
qR
→ 0. (3.44)
Here, experimental absolute values of the PMNS and CKM matrix elements are used. For
the leptonic decays, radiative corrections and experimental uncertainties are small. We
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Table 6: Central values and uncertainty of the observables for EW gauge bosons.
Name Exp. Unc. Remark
BR(W+ → e+ν) 0.1086 0.1 % SM
BR(W+ → µ+ν) 0.1086 0.1 % SM
BR(W+ → τ+ν) 0.1085 0.1 % SM
BR(W+ → had) 0.6656 3.76 % SM
BR(W+ → cs) 0.3239 10 % SM
BR(Z → e+e−) 0.03333 0.187 % SM
BR(Z → µ+µ−) 0.03333 0.187 % SM
BR(Z → τ+τ−) 0.03326 0.187 % SM
BR(Z → had) 0.6766 3.76 % SM
BR(Z → (uu+ cc))/2 0.1157 3.76 % SM
BR(Z → (dd+ ss+ bb))/3 0.1483 3.76 % SM
BR(Z → cc) 0.1157 3.76 % SM
BR(Z → bb) 0.1479 3.76 % SM
BR(Z → eµ) 0.0 3.8×10−7 Ref. [25]
BR(Z → eτ) 0.0 5.0×10−6 Ref. [25]
BR(Z → µτ) 0.0 6.1×10−6 Ref. [25]
Ae 0.1469 1 % SM
Aµ 0.1469 10 % SM
Aτ 0.1469 1 % SM
As 0.9406 10 % SM
Ac 0.6949 1 % SM
Ab 0.9406 1 % SM
µµµ 0.0 1.3 Ref. [25]
µττ 1.12 0.23 Ref. [25]
µbb 0.95 0.22 Ref. [25]
µγγ 1.16 0.18 Ref. [25]
BR(h→ ee) 0.0 9.7×10−4 Ref. [25]
BR(h→ eµ) 0.0 1.8×10−4 Ref. [25]
BR(h→ eτ) 0.0 3.1 ×10−3 Ref. [25]
BR(h→ µτ) 0.0 1.3 ×10−3 Ref. [25]
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use a 0.1% relative uncertainty for these decays. For the hadronic decay modes, QCD
corrections may change the values by a factor proportional to αs/pi ∼ 0.038. We use a
relative uncertainty of 3.8% for the total hadronic branching fraction, while we use a 10%
relative uncertainty for W → cs because experimental uncertainties here are still large.
3.2.2 Z Decays and Asymmetry Parameters
The Z boson couplings are, in general, changed by the mixing effects. This can affect
the branching fractions and asymmetry parameters of Z decays. The Z boson couplings
depend on the weak mixing angle θW . For the lepton couplings, we use the effective angle
s` = 0.23154 including radiative corrections, while the tree-level value sW = 0.22343 is
used for the quark couplings [25]. Using the effective angle is necessary to reproduce the
observed values of A`=e,µ,τ .
The branching fractions for flavor conserving decays are given by
BR(Z → fif i) =
N fcmZ
24piΓZ
√
1− 4xZfi
[(∣∣∣[gˆZfL]ii∣∣∣2 + ∣∣∣[gˆZfR]ii∣∣∣2) (1− xZfi) (3.45)
+6xZfi Re
([
gˆZfL
]∗
ii
[
gˆZfR
]
ii
)]
,
where N fc is a color factor and x
Z
fi
:= m2fi/m
2
Z for a fermion fi. Those for flavor violating
decays are given by
BR
(
Z → f±i f∓j
)
=
N fcmZ
12piΓZ
λ(xZfi , x
Z
fj
)
[(∣∣∣[gˆZfL]ij∣∣∣2 + ∣∣∣[gˆZfR]ij∣∣∣2) (3.46)
×
(
1− x
Z
fi
+ xZfj
2
− (x
Z
fi
− xZfj)2
2
)
+ 6
√
xZfix
Z
fj
Re
([
gˆZfL
]∗
ij
[
gˆZfR
]
ij
)]
.
For BR(Z → had), the experimental value of a four-body decay BR(Z → bbbb) =
0.00036 [25] is added to the sum of two-body decays to quarks. The Z-pole asymme-
try parameters are defined as
Afi :=
2gVfigAfi
g2Vfi
+ g2Afi
, (3.47)
where fi = e, µ, τ, s, c, b, and (axial-)vector couplings are obtained as
gVfi =
[
gˆZfL + gˆ
Z
fR
]
ii
, gAfi =
[
gˆZfL − gˆZfR
]
ii
. (3.48)
SM predictions for these observables are obtained by formally replacing P5, P5 → 13, 03
in Eq. (2.28). The leading QED and QCD corrections to these decays are proportional
to 3αe/4pi ∼ 0.0019 and αs/pi ∼ 0.038 for leptonic or hadronic decays, respectively. We,
therefore, use a 0.19% (3.8%) relative uncertainty on the leptonic (hadronic) decays. The
relative uncertainties for the asymmetry parameters are taken as 1% for Ae, Aτ , Ac, Ab, and
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10% for Aµ and As, consistent with their experimental uncertainties. The uncertainties
for flavor violating decays are determined from their experimental upper bounds.
Let us illustrate how the SM boson couplings, in general, are very close to their SM
values. We show this analytically in Appendix B. In general, one finds the mixing to
be suppressed by ∼ 2fSMm2fSM/M2FVL . Considering, for example, the left-handed Z − µτ
coupling we find that it can be estimated as
[
gˆZeL
]
23
∼ g
2cW
sµLτL
mµmτ
M2EL
∼ 2.0× 10−9 ×
(
sµL
1/
√
2
)( τL
0.01
)(500 GeV
MEL
)2
. (3.49)
Corrections for lighter flavors are even more suppressed.
3.2.3 Higgs Decays
The Higgs boson couplings to SM fermions can, in general, depart from their SM predic-
tions due to misalignment of the Yukawa couplings and mass matrices. We have studied
the signal strengths for the measured decay modes to µµ, ττ , bb, and γγ final states as
well as the branching fractions for the unobserved decays ee, eµ, eτ , and µτ . Central
values and uncertainties are set to their experimentally observed values. Decay widths
for flavor conserving decays are given by
Γ(h→ fif i) =
mh
16pi
√
1− 4xhfi
[∣∣∣[Yˆ hf ]
ii
∣∣∣2 − 4xhfi (Re [Yˆ hf ]
ii
)2]
, (3.50)
and those for flavor violating decays are
Γ
(
h→ f±i f∓j
)
=
mh
16pi
λ(xhfi , x
h
fj
) (3.51)
×
[(∣∣∣∣[Yˆ hf ]
ij
∣∣∣∣2 + ∣∣∣∣[Yˆ hf ]
ji
∣∣∣∣2
)
(1− xhfi − xhfj)− 4Re
([
Yˆ hf
]
ij
[
Yˆ hf
]
ji
)√
xhfix
h
fj
]
,
where xhfi := m
2
fi
/m2h.
In addition to the tree-level decays, the VL families may significantly contribute to
the loop-induced decay, h→ γγ and h→ gg. The decay width for h→ γγ is given by [43]
Γ(h→ γγ) = GFα
2
em
3
H
128
√
2pi3
∣∣∣∣∣AH1 (τW ) +∑
fA
N fc Q
2
f
(
yfAvH
mfA
)
AH1/2(τfA)
∣∣∣∣∣
2
, (3.52)
where τI = m
2
H/(4m
2
I) with I = fA,W . Here, fA runs over all the fermions in this model
and A = 1, . . . , 5 is a flavor index. N fc is the number of color degrees of freedom and
yfA := [Yˆ
h
f ]AA is a diagonal Yukawa coupling constant of the Higgs boson to a fermion
fA. The form factors are given by
AH1/2(τ) =
2
τ 2
[τ + (τ − 1)f(τ)] , AH1 (τ) = −
1
τ 2
[
2τ 2 + 3τ + 3(2τ − 1)f(τ)] , (3.53)
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where
f(τ) =

arcsin2
√
τ τ ≤ 1,
−1
4
[
log
1 +
√
1− τ−1
1−√1− τ−1 − ipi
]2
τ > 1.
(3.54)
Similarly, the decay width of h→ gg is given by [43]
Γ(h→ gg) = GFα
2
sm
3
H
36
√
2pi3
∣∣∣∣∣34 ∑
qA
(
yqAvH
mqA
)
AH1/2(τqA)
∣∣∣∣∣
2
, (3.55)
where qA only runs over the quarks.
Naively, one expects the size of VL fermion contributions to these one-loop decays to
be suppressed by the squared ratio of SU(2) × U(1) breaking mass to VL mass, i.e. by
a factor (λ′evH)
2/M2FV L . This is exactly what we find. Using the result of Appendix B,
contributions from VL fermions FL, FR are given by∑
f=FL,FR
(
yfvH
mf
)
AH1/2(τf ) ∼
(
λ′fvH
)2 AH1/2(τFL)− AH1/2(τFR)
M˜2FL − M˜2FR
∼ − 7
90
m2H
(
λ′fvH
)2
M2FLM
2
FR
(3.56)
∼ − 5.9× 10−4 ×
(
λ′f
1.0
)2(
500 GeV√
MFLMFR
)4
,
where M˜FL(R) is the approximated mass of VL fermion FL(R) defined in Eq. (B.9). Here,
λ′fvH MFL,R and λf  λ′f have been assumed. For the last equality in the first line, we
use the series expansion AH1/2(τ) ≈ 4/3 + 14/45 τ around τ ≈ 0. A possible cancellation
between the two VL fermions gives an extra suppression. Altogether, we confirm that
the VL fermions only give very small corrections to these decay rates. Especially VL
quarks will be heavy, and their effects therefore particularly suppressed. Thus, there is
no meaningful constraint arising from h→ gg for our analysis, and also the Higgs boson
production rate is unchanged with respect to the SM.
The signal strengths of the Higgs boson are defined as
µXX :=
σprod · BR(h→ XX)
σprodSM · BR(h→ XX)SM
' BR(h→ XX)
BR(h→ XX)SM
, X = µ, τ, γ, b. (3.57)
3.3 Quarks
We study the SM quark masses, 9 absolute values of the CKM matrix elements and 3
CP phases α, β, γ. The Wilson coefficients relevant to the b→ s`+`− processes are fitted
to explain the anomalies. The new physics contributions will also affect neutral meson
mixing, namely K-K , Bd-Bd , Bs-Bs and D-D mixing, (semi-)leptonic decays of B mesons
and top quark decays. Central values and uncertainties for quark masses and the CKM
elements are listed in Table 7. Values for the other observables are listed in Table 8. We
do not assume unitarity of the CKM matrix for our analysis and our parameters are fit
directly to the values determined by experimental measurements.
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Table 7: Central values and uncertainties of quark masses and CKM mixing parameters.
Name Exp. Unc. Remark
mu(mZ) [MeV] 1.29 0.39 Ref. [24]
mc(mZ) [MeV] 627 19. Ref. [24]
mt(mZ) [GeV] 171.7 1.5 Ref. [24]
md(mZ) [MeV] 2.75 0.29 Ref. [24]
ms(mZ) [MeV] 54.3 2.9 Ref. [24]
mb(mZ) [GeV] 2.853 0.026 Ref. [24]
|Vud| 0.97420 0.00021 Ref. [25]
|Vus| 0.2243 0.0005 Ref. [25]
|Vub| 0.00394 0.00036 Ref. [25]
|Vcd| 0.218 0.004 Ref. [25]
|Vcs| 0.997 0.017 Ref. [25]
|Vcb| 0.0422 0.0008 Ref. [25]
|Vtd| 0.0081 0.0005 Ref. [25]
|Vts| 0.0394 0.0023 Ref. [25]
|Vtb| 1.019 0.025 Ref. [25]
α [rad] 1.475 0.097 Ref. [25]
sin 2β 0.691 0.017 Ref. [25]
γ [rad] 1.283 0.081 Ref. [25]
3.3.1 b→ s`+`− Processes
The relevant effective Hamiltonian for b→ s`+`− is given by [50,51],
H`eff = −
4GF√
2
α
4pi
VtbV
∗
ts
∑
a=9,10
(
C`aO`a + C
′`
a O
′`
a
)
, (3.58)
where
O`9 = [sγµPLb]
[
`γµ`
]
, O`10 = [sγµPLb]
[
`γµγ5`
]
, (3.59)
O′`9 = [sγµPRb]
[
`γµ`
]
, O′`10 = [sγµPRb]
[
`γµγ5`
]
. (3.60)
Here, ` = e, µ, τ . The Wilson coefficients induced by Z ′ exchange are given by
C`9 = −
√
2
4GF
4pi
αe
1
VtbV ∗ts
1
2m2Z′
·
[
gˆZ
′
dL
]
23
[
gˆZ
′
eR
+ gˆZ
′
eL
]
ii
, (3.61)
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Table 8: Values of observables of the quark sector. Theoretical uncertainties are included
for ∆MK , ∆Md, ∆Ms and K . Values for C
(′),e,µ
9,10 are discussed in the text.
Name Exp. Unc. Remark
∆MK [ps
−1] 0.005293 0.0022 Ref. [25]
|K | ×103 2.228 0.21 Ref. [25]
∆Md [ps
−1] 0.5065 0.081 Ref. [25]
SψKS 0.695 0.019 Ref. [44]
∆Ms [ps
−1] 17.757 2.5 Ref. [25]
Sψφ 0.021 0.031 Ref. [44]∣∣∆NPxD∣∣ [%] 0.0 0.5 Ref. [25]
RννK 1.0 2.6 Ref. [45]
RννK∗ 1.0 2.7 Ref. [46]
RBd→µµ 1.5 1.4 Refs. [25, 47]
RBs→µµ 0.75 0.16 Refs. [25, 48]
Γt [GeV] 1.41 0.17 Ref. [25]
BR(t→ Zq) 0.0 2.6 ×10−4 Ref. [25]
BR(t→ hu) 0.0 9.7 ×10−4 Ref. [25]
BR(t→ hc) 0.0 8.2 ×10−4 Ref. [25]
BR(Bs → Kττ) 0.0 1.4× 10−3 Ref. [49]
C`10 = −
√
2
4GF
4pi
αe
1
VtbV ∗ts
1
2m2Z′
·
[
gˆZ
′
dL
]
23
[
gˆZ
′
eR
− gˆZ′eL
]
ii
, (3.62)
C
′`
9 = −
√
2
4GF
4pi
αe
1
VtbV ∗ts
1
2m2Z′
·
[
gˆZ
′
dR
]
23
[
gˆZ
′
eR
+ gˆZ
′
eL
]
ii
, (3.63)
C
′`
10 = −
√
2
4GF
4pi
αe
1
VtbV ∗ts
1
2m2Z′
·
[
gˆZ
′
dR
]
23
[
gˆZ
′
eR
− gˆZ′eL
]
ii
, (3.64)
where i = 1, 2, 3 for ` = e, µ, τ , respectively.
In Ref. [52]4, one or two of the Wilson coefficients are fitted to the latest data for RK(∗)
and b → s`+`− decay observables, while all the other Wilson coefficients are assumed to
vanish. There are three scenarios in the one-dimensional analysis that have pulls larger
than 5σ with respect to the SM prediction:
(I) ReCµ9 = −0.95± 0.15, (3.65)
(II) ReCµ10 = 0.73± 0.14, (3.66)
4See for the similar analyses before Moriond 2019 [53–61] and after Moriond 2019 [52,62–68]
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(III) ReCµ9 = −ReCµ10 = −0.53± 0.09. (3.67)
For the two-dimensional analysis there are two patterns that have pulls larger than 6σ
with respect to the SM prediction:
(IV) ReCµ9 = −0.7± 0.3, ReCµ10 = 0.4± 0.25, (3.68)
(V) ReCµ9 = −1.04± 0.24, ReC ′µ9 = 0.48± 0.30. (3.69)
In our analysis, we attempt to fit C
(′)`=e,µ
9,10 to one of these 5 patterns. The central values
and uncertainties of the other coefficients are assumed to be 0.0 ± 0.1. We also include
imaginary parts, and try to fit them to 0.0±0.1. We remark here that non-zero imaginary
parts are actually favored by the analysis of Ref. [61], however, we do not consider this
possibility in the present paper.
Cµ9 is sizable in most of the above preferred patterns of Wilson coefficients. The Z
′
contribution to Cµ9 can be estimated as
Cµ9 ∼ −1.0×
(
0.3
g′
)(
1 TeV
vΦ
)2(s2µL + s2µR
1.0
)([
gˆZ
′
dL
]
23
0.001
)
, (3.70)
where we note that (s2µL + s
2
µR
) ∼ 1 is required by a successful explanation of ∆aµ.
Therefore, the b → s`+`− anomalies can be explained with small, O (10−3), couplings of
the SM quarks to the Z ′ boson.
The Wilson coefficients with ` = τ contribute to the semi-leptonic decays Bs →
K(∗)ττ and Bs → φττ . Branching fractions for these decays as a function of the Wilson
coefficients are calculated in Ref. [69].
3.3.2 Neutral Meson Mixing
The neutral bosons, Z ′, χ and σ, give contributions to neutral meson mixing. We neglect
contributions from the Z boson and the Higgs boson, since the flavor violating couplings
are expected to be small, as discussed above and shown in Appendix B. We study K-K ,
Bd-Bd, Bs-Bs and D-D mixing [70–75].
The relevant effective Hamiltonian is given by
H∆F=2eff =
∑
i,a
Cai Q
a
i , (3.71)
where (i, a) = (1,VLL), (1,VRR), (1,LR), (2,LR), (1, SLL), (2, SLL), (1, SRR), (2, SRR).
The four-fermi operators are defined as
QVLL1 =
(
F
α
γµPLf
α
) (
F
β
γµPLf
β
)
, QVRR1 =
(
F
α
γµPRf
α
) (
F
β
γµPRf
β
)
, (3.72)
QLR1 =
(
F
α
γµPLf
α
) (
F
β
γµPRf
β
)
, QLR2 =
(
F
α
PLf
α
) (
F
β
PRf
β
)
, (3.73)
QSLL1 =
(
F
α
PLf
α
) (
F
β
PLf
β
)
, QSRR1 =
(
F
α
PRf
α
) (
F
β
PRf
β
)
, (3.74)
QSLL2 =
(
F
α
σµνPLf
α
) (
F
β
σµνPLf
β
)
, QSRR2 =
(
F
α
σµνPRf
α
) (
F
β
σµνPRf
β
)
, (3.75)
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where α, β are the color indices and σµν = [γµ, γν ]/2. Here, (F, f) = (s, d), (b, d), (b, s), (c, u)
for K-K, Bd-Bd, Bs-Bs and D-D mixing, respectively.
The Wilson coefficients including O(αs) corrections are given by [76]
CVLL1 (µ) =
[
1 +
αs
4pi
(
−2 log m
2
Z′
µ2
+
11
3
)]
gZ
′
L g
Z′
L
2m2Z′
, (3.76)
CLR1 (µ) =
[
1 +
αs
4pi
(
− log m
2
Z′
µ2
− 1
6
)]
gZ
′
L g
Z′
R
m2Z′
−
(
−3
2
αs
4pi
) ∑
S=χ,σ
ySLy
S
R
2m2S
, (3.77)
CLR2 (µ) =
αs
4pi
(
−6 log m
2
Z′
µ2
− 1
)
gZ
′
L g
Z′
R
m2Z′
−
(
1− αs
4pi
) ∑
S=χ,σ
ySLy
S
R
2m2S
, (3.78)
CSLL1 (µ) = −
∑
S=χ,σ
[
1 +
αs
4pi
(
−3 log m
2
S
µ2
+
9
2
)]
ySLy
S
L
4m2S
, (3.79)
CSLL2 (µ) = −
∑
S=χ,σ
αs
4pi
(
− 1
12
log
m2S
µ2
+
1
8
)
ySLy
S
L
4m2S
, (3.80)
where µ is the MS-scheme renormalization scale. The gauge couplings gZ
′
L,R and Yukawa
couplings ySL,R are given by
gZ
′
L =
[
gˆZ
′
dL
]
ij
, gZ
′
R =
[
gˆZ
′
dR
]
ij
, ySL =
[
Yˆ Sd
]
ij
, ySR =
[
Yˆ Sd
]∗
ji
. (3.81)
where the flavor indices are (i, j) = (2, 1), (3, 1), (3, 2) for K-K , Bd-Bd, or Bs-Bs mixing,
respectively. For D-D mixing,
gZ
′
L =
[
gˆZ
′
uL
]
21
, gZ
′
R =
[
gˆZ
′
uR
]
21
, ySL =
[
Yˆ Su
]
21
, ySR =
[
Yˆ Su
]∗
12
. (3.82)
The right-right Wilson coefficients (CVRR1 , C
SRR
1 , C
SRR
2 ) are obtained by formally replacing
L→ R in the above expressions. The off-diagonal mixing matrix element in the respective
meson’s mass matrix is given by
(M12(M))
∗ =
(
MSM12 (M)
)∗
+
1
2mM
∑
i,a
Cai 〈M |Qai |M〉, for M = K,Bd, Bs, D. (3.83)
Here, mM is the mass of the meson M . Values of the operators
Oai := 〈M |Qai (µB)|M〉/(2mM) (3.84)
at µB = 1 TeV according to our own evaluation are listed in Table 9. For this we
have used input values of meson masses, decay constants and quark masses which are
listed in Table 10. Values of hadronic matrix elements are taken from the results of
the respective lattice collaborations. We refer to Ref. [77] for hadronic matrix elements of
K-K and f 2BqBˆBq . Those for f
2
Bq
B
(2-5)
Bq
and B
(1-5)
D are taken from Refs. [78,79] and Ref. [80],
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Table 9: Numerical values of the operators Oai := 〈M |Qai |M〉/(2mM) at µB = 1 TeV.
The corresponding right-right operators have the same values as the LL operators.
OV LL1 (µB) O
LR
1 (µB) O
LR
2 (µB) O
SLL
1 (µB) O
SLL
2 (µB)
K-K 0.00159 -0.159 0.261 -0.0761 -0.132
Bd-Bd 0.0465 -0.186 0.241 -0.0909 -0.167
Bs-Bs 0.0701 -0.264 0.338 -0.136 -0.252
D-D 0.0162 -0.157 0.227 -0.0845 -0.152
respectively. The QCD running between the respective lattice scales and µ = 1 TeV has
been calculated based on the anomalous dimensions shown in Ref. [81].
SM contributions to K-K, Bq-Bq (q = d, s) mixing are given by(
MSM12 (K)
)∗
=
G2F
12pi2
m2WmKf
2
KBˆK
×
[(
λKc
)2
S0(xc)η1 +
(
λKt
)2
S0(xt)η2 + 2λ
K
c λ
K
t S0(xc, xt)η3
]
, (3.85)(
MSM12 (Bq)
)∗
=
G2F
12pi2
m2W
(
λ
Bq
t
)2
S0(xt)ηBmBqf
2
BqBˆBq , (3.86)
with λKq := V
∗
qsVqd, λ
Bq
t := V
∗
tbVtq, as well as xt := m
2
t/m
2
W and xc := m
2
c/m
2
W . Here, V is
the 3× 3 CKM matrix of the SM families. The Inami-Lim functions are given by
S0(x) =
4x− 11x2 + x3
4(1− x)2 −
3x3 log x
2(1− x)3 , (3.87)
S0(xc, xt) ' xc
[
log
xt
xc
− 3xt
4(1− xt) −
3x2t log xt
4(1− xt)2
]
. (3.88)
Short distance corrections are quantified by η1,2,3 and ηB. Values for all relevant factors
and their respective references are listed in Table 10. The relevant observables are defined
as
∆MK = 2 Re (M12(K)) , K =
κe
iφ
√
2 (∆MK)exp
Im (M12(K)) , (3.89)
∆Md = 2 |M12(Bd)| , SψKs = sin (Arg (M12(Bd))) , (3.90)
∆Ms = 2 |M12(Bs)| , Sψφ = − sin (Arg (M12(Bs))) , (3.91)
xD =
∣∣∣∣2M12(D)ΓD
∣∣∣∣ . (3.92)
Values of κ and φ are stated in Table 10. (∆MK)exp is the experimentally determined
value of the Kaon mass splitting and ΓD is the experimentally determined decay width of
the D0 meson; both are taken from the PDG [25].
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Table 10: Values of constants used in our numerical analysis.
mK [25] 497.611±0.013 MeV fK [82] 156.3± 0.9 MeV
BˆK [77] 0.733 ±0.040 η1 [83] 1.87± 0.76
η2 [84] 0.5765± 0.0065 η3 [85] 0.496± 0.047
ms(2 GeV) [25] 93.8 ±2.4 MeV md(2 GeV) [25] 4.70±0.20 MeV
κ [86, 87] 0.94± 0.02 φ [86, 87] (43.51± 0.05)◦
mBd [25] 5.27963±0.00015 GeV mBs [25] 5.36689± 0.00019 GeV
fBd
√
BˆBd [77] 0.225±0.009 GeV fBs
√
BˆBs [77] 0.274± 0.008 GeV
ηB [84, 88] 0.55± 0.01 mb(mb) [25] 4.18 ± 0.03 GeV
mc(mc) [25] 1.28 ±0.025 GeV mt(mt) [79, 89] 163.53 ± 0.83 GeV
mD [25] 1.86483± 0.00005 GeV fD [77] 212.0± 0.7 MeV
τD [25] 0.4101 ± 0.0015 ps mc(3 GeV) [77] 0.988 ± 0.007 GeV
mu(2 GeV) [25] 2.15±0.15 MeV
The experiments measure the mass differences and K precisely. On the other hand,
there are large theoretical uncertainties to estimate the SM contributions for these observ-
ables originating from the determination of the bag parameter, QCD factors and the CKM
matrix elements. For K-K mixing, uncertainties come from η1, fK , BˆK , κ and the CKM
elements. The uncertainty of ∆MK is dominated by the NLO factor η1, while for K it is
dominated by the CKM elements. With the Wolfenstein parametrization, K is approxi-
mately proportional to A4. Hence, we include the uncertainty from A = 0.836±0.015 [25]
as the CKM uncertainty together with those from f 2KBˆK and κ. The relative uncertainties
are estimated as 41% and 9.3% for ∆MK and K , respectively.
For the mass differences ∆MBq ≡ ∆Mq, we include the uncertainties originating from
ηB, f
2
Bq
BˆBq and the absolute values of the CKM matrix elements. Note that unlike the
analyses in Refs [75, 90], we cannot reduce the uncertainties by assuming exact unitarity
of the CKM matrix, because the unitarity of CKM matrix is not guaranteed in our model.
Altogether, the relative uncertainties are estimated as 16% and 14% for ∆Md and ∆Ms,
respectively. For the CP asymmetry parameters SψKS and Sψφ, we require our model to
fit them within their experimental uncertainties.
For D-D mixing there is a large theoretical uncertainty from long-distance effects.
The observed value is xD = 0.32 (14)% [44]. We simply require that the new physics
contribution to xD should be less or equal than the size of the observed value, that is
|∆NPxD| := |2MNP12 (D)/ΓD| = 0.0± 0.5%.
It is convenient to express the size of new physics contributions relative to the SM,
R∆MK :=
M12(K)−MSM12 (K)
Re (MSM12 (K))
, RK :=
M12(K)−MSM12 (K)
Im (MSM12 (K))
, (3.93)
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R∆Md :=
M12(Bd)−MSM12 (Bd)
|MSM12 (Bd)|
, R∆Ms :=
M12(Bs)−MSM12 (Bs)
|MSM12 (Bs)|
, (3.94)
and these are given by
R∆MK × 10−3 ≈ 0.053 ·
(
rKV LL + r
K
V RR
)− 10.6 · rKV LR (3.95)
+
∑
S
(
1.27
(
rKSLL + r
K
SRR
)− 8.70 · rKSLR) ,
RK × 10−3 ≈ 6.94 ·
(
rKV LL + r
K
V RR
)− 1380 · rKV LR (3.96)
+
∑
S
(
166 · (rKSLL + rKSRR)− 1140 · rKSLR) ,
R∆Md ≈ 11.5 ·
(
rBdV LL + r
Bd
V RR
)
− 91.5 · rBdV LR (3.97)
+
∑
S
(
11.2
(
rBdSLL + r
Bd
SRR
)
− 59.2 · rBdSLR
)
,
R∆Ms ≈ 0.538
(
rBsV LL + r
Bs
V RR
)− 4.05 · rBsV LR (3.98)
+
∑
S
(
0.522
(
rBsSLL + r
Bs
SRR
)− 2.59 · rBsSLR) .
Here,
rMVXY :=
[
gˆZ
′
dX
]
Ff
[
gˆZ
′
dY
]
Ff
(
105 GeV
mZ′
)2
, (3.99)
rMSXY :=
[
Yˆ SdX
]
Ff
[
Yˆ SdY
]
Ff
(
105 GeV
mS
)2
, (3.100)
with X, Y = L,R and (F, f) = (2, 1), (3, 1), (3, 2) for M = K,Bd, Bs, respectively, and
we identify YˆdL ≡ Yˆd and YˆdR ≡ Yˆ †d (and similarly for the up sector). The numerical
coefficients are obtained by using the values listed in Table 9 and neglecting the O (αs)
corrections in Eqs. (3.76)-(3.80). The SM contributions are calculated with the unitary
CKM matrix fitted to the experimental values [25]. The coefficients for the lighter mesons
tend to be larger because the SM contributions are smaller. Left-right contributions are
enhanced, especially rKV LR, by the large hadronic matrix element itself and the enhance-
ment by the running effects [81], see Table 9.
Similarly, ∆NPxD is given by
∆NPxD =
∣∣1.01 (rDV LL + rDV RR)− 19.5 rDV LR + 2.63 (rDSLL + rDSRR)− 14.1 rDSLR∣∣ , (3.101)
with
rDVXY :=
[
gˆZ
′
uX
]
21
[
gˆZ
′
uY
]
21
(
105 GeV
mZ′
)2
, (3.102)
rDSXY :=
[
Yˆ SuX
]
21
[
Yˆ SuY
]
21
(
105 GeV
mS
)2
. (3.103)
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We now comment on the box-diagram contributions involving W bosons and up-
type quarks which are the dominant contribution in the SM. In general, the unitarity
of the CKM matrix is violated by the mixing with the SU(2)L singlet VL quark. The
GIM mechanism may, in principle, become invalid in our model. The mass independent
contributions is proportional to a sum over the five internal quarks,
5∑
A=1
[
Vˆ †CKM
]
iA
[
VˆCKM
]
Aj
=
[(
UdL
)†
P5U
u
L · (UuL)†P5UdL
]
ij
=
[(
UdL
)†
P5U
d
L
]
ij
. (3.104)
This has the same structure as the weak-isospin part of the Z boson couplings. Using the
analytical expressions of Appendix B, the size of flavor violating contribution is estimated
as [(
UdL
)†
P5U
d
L
]
ij
− δij ∼ DiDj
mdimdj
M2DVL
. 1.6× 10−11
(√
DiDj
10−2
)2(√mdimdj
0.6 GeV
)2(
1.5 TeV
MDVL
)2
, (3.105)
where Di is a mixing angle between the singlet VL quark DR and the SM down quark di,
and MDVL is a typical VL down quark mass. In addition, there can be an, in principle,
important contribution which is enhanced by the heavy VL quark mass. Using Eq. (B.65),
the dominant contribution is estimated as∑
b=4,5
([
Vˆ †CKM
]
ib
[
VˆCKM
]
bj
)2
S0
(
m2ub
m2W
)
∼ M
2
UR
4m2W
(
2U3
m2t
M2UR
V ∗tiVtj
)2
∼ 2.5× 10−9 ×
(U3
0.1
)4(V ∗tiVtj
0.04
)2(
1.5 TeV
MUR
)2
,
(3.106)
where Ui is defined in the same way as Di . For Bs-Bs mixing, (i, j) = (3, 2), this should
be compared with the top loop contribution
(
λBst
)2
S0(xt) ∼ 0.004 and is, thus, much
smaller than the SM contribution. The same suppression happens for the other meson
mixing. Thus, the violation of the GIM mechanism is extremely small.
3.3.3 Bd,s → µ+µ−
The new bosons, in general, induce new physics contributions to Bq → µ+µ− (q = d, s).
We refer to Ref. [48]. The relevant effective interactions are
−LBq→µµ = CVAA (qγµγ5b) (µγµγ5µ) + CSPS (qγ5b) (µµ) + CSPP (qγ5b) (µγ5µ) . (3.107)
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In this model, the coefficients are given by
CVAA = CSM(Bq) +
1
m2Z′
([
gˆZ
′
eR
]
22
−
[
gˆZ
′
eL
]
22
)([
gˆZ
′
dL
]
i3
−
[
gˆZ
′
dR
]
i3
)
, (3.108)
CSPS =
∑
S=χ,σ
1
m2S
· Re
([
λˆSe
]
22
)([
λˆSd
]
i3
−
[
λˆSd
]∗
3i
)
, (3.109)
CSPP = −
∑
S=χ,σ
i
m2S
· Im
([
λˆSe
]
22
)([
λˆSd
]
i3
−
[
λˆSd
]∗
3i
)
, (3.110)
where i = 1, 2 for q = d, s, respectively. The SM contribution in CVAA is given by
CSM(Bq) = 4
GF√
2
α
2pi sin2 θW
V ∗tqVtb ηY Y0(xt), (3.111)
where ηY = 1.012 quantifies QCD corrections [91,92] and the loop function is given by
Y0(xt) =
xt
8
[
xt − 4
xt − 1 +
3xt
(xt − 1)2 log xt
]
, xt =
m2t
m2W
. (3.112)
The decay width of Bq → µ+µ− is proportional to
|Pq|2 + |Sq|2 :=
∣∣∣∣∣ CVAACSM(Bq) − m
2
Bq
2mµ(mq +mb)
CSPP
CSM(Bq)
∣∣∣∣∣
2
(3.113)
+
∣∣∣∣∣
√
1− 4m
2
µ
m2Bq
m2Bq
2mµ(mq +mb)
CSPS
CSM(Bq)
∣∣∣∣∣
2
.
We define the ratios of branching fractions of our model to the SM,
RthBd→µµ :=
BR(Bd → µ+µ−)
BR(Bd → µ+µ−)SM = |Pd|
2 + |Sd|2 , (3.114)
RthBs→µµ :=
BR (Bs → µ+µ−)
BR(Bs → µ+µ−)SM
=
1 + A∆Γys
1 + ys
(|Ps|2 + |Ss|2) . (3.115)
Mind the bars: In the Bs-Bs system, the measured width difference between light and
heavy mass eigenstates, ys := ∆ΓBs/ (2ΓBs) = 0.065±0.005 [44], is not negligible [93,94].
The experimentally determined value for the branching ratio, therefore, corresponds to
the time-integrated value
BR
(
Bs → µ+µ−
)
=
1 + A∆Γ ys
1− y2s
· BR(Bs → µ+µ−), (3.116)
where the mass-eigenstate rate asymmetry A∆Γ is given by [95,96]
A∆Γ =
|Ps|2 cos
(
2φP − φNPs
)− |Ss|2 cos (2φS − φNPs )
|Ss|2 + |Ps|2
. (3.117)
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Here, Ps = |Ps| eiφP , Ss = |Ss| eiφS and φNPs relates to Sψφ, defined in Eq. (3.89), as
Sψφ = sin(2βs − φNPs ), where Vts = − |Vts| eiβs , (3.118)
in the standard phase convention of the CKM matrix. A∆Γ = 1 in the SM.
The SM predictions are [47,48],
BR
(
Bd → µ+µ−
)
SM
= (1.06± 0.09)× 10−10, (3.119)
BR
(
Bs → µ+µ−
)
SM
= (3.60± 0.18)× 10−9. (3.120)
The experimental values are [25],
BR
(
Bd → µ+µ−
)
exp
= (1.6± 1.5)× 10−10, (3.121)
BR
(
Bs → µ+µ−
)
exp
= (2.7± 0.55)× 10−9. (3.122)
Altogether, the values of the ratios are given by
RexpBd→µµ :=
BR(Bd → µ+µ−)exp
BR(Bd → µ+µ−)SM = 1.5± 1.4, (3.123)
RexpBs→µµ :=
BR (Bs → µ+µ−)exp
BR(Bs → µ+µ−)SM
= 0.75± 0.16. (3.124)
The current data for BR (Bs → µ+µ−) has a slight tension with the SM prediction. We
note that BR(Bs → µ+µ−) is included in the analysis of Ref. [52], where due to the
tension a larger Cµ10 is favored. Nonetheless, we additionally include BR(Bs → µ+µ−)
individually in our χ2 analysis in order to take into account scalar contributions which
were not included in [52].
3.3.4 B → K(∗)νν
The Z ′ boson typically affects B → K(∗)νν. We consider the observables given by [97–99],
RννK :=
1
3
∑
i,j=1,2,3
[1− 2ηij] 2ij, RννK∗ :=
1
3
∑
i,j=1,2,3
[1 + 1.31ηij] 
2
ij, (3.125)
where
2ij :=
∣∣X ijL (Bs)∣∣2 + ∣∣X ijR (Bs)∣∣2
|ηXX0(xt)|2
, ηij := −
Re
(
X ijL (Bs)X
ij∗
R (Bs)
)∣∣X ijL (Bs)∣∣2 + ∣∣X ijR (Bs)∣∣2 . (3.126)
Here, i, j = 1, 2, 3 run over the three neutrino flavor. In this model, X ijL , X
ij
R are given by
X ijL (Bs) = ηXX0(xt)δij +
[
gˆZ
′
νL
]
ij
g2SMm
2
Z′
[
gˆZ
′
dL
]
23
V ∗tsVtb
, X ijR (Bs) =
[
gˆZ
′
νL
]
ij
g2SMm
2
Z′
[
gˆZ
′
dR
]
23
V ∗tsVtb
. (3.127)
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The first term in X ijL (Bs) is the SM contribution. The loop function is defined as
X0(xt) =
xt
8
[
xt + 2
xt − 1 +
3xt − 6
(xt − 1)2 log xt
]
, xt =
m2t
m2W
. (3.128)
ηX = 0.994 is the QCD factor [91,92]. The experimental limits are [45,46],
RννK < 4.3, R
νν
K∗ < 4.4 (3.129)
at 90% C.L [97].
3.3.5 Top Quark Decays
The mixing with the VL quarks may affect top quark decays. We study the dominant
top quark decay t→ W+b and the flavor violating decays t→ Zq and t→ hq (q = u, c).
The partial decay width and the branching fractions for the flavor violating decays are,
Γ(t→ W+b) = mt
32pi
λ
(
ytb, z
t
W
) [(∣∣[gˆWuL]33∣∣2 + ∣∣[gˆWuR]33∣∣2) (3.130)
×
(
(1− ytb)2
ztW
+ 1 + ytb − 2ztW
)
− 3
√
ytb Re
([
gˆWuL
]
33
· [gˆWuR]33)
]
,
BR(t→ Zqi) = mt
32piΓt
1 + 2ztZ
ztZ
(
1− ztZ
)2 (∣∣[gˆZuL]i3∣∣2 + ∣∣[gˆZuR]i3∣∣2) , (3.131)
BR(t→ hqi) = mt
64piΓt
(
1− zth
)2(∣∣∣[Yˆu]
i3
∣∣∣2 + ∣∣∣[Yˆu]
3i
∣∣∣2) , (3.132)
where xtB := m
2
B/m
2
t (B = h, Z,W ) and y
t
b := m
2
b/m
2
t . Here, the light quark masses
are neglected. Γ(t → W+b) is compared with the total decay width of the top quark.
The other modes, CKM suppressed and flavor violating decays, are neglected to calculate
the total decay width of top quark, i.e we use the approximation Γt ≈ Γ(t → W+b).
Uncertainties for the flavor violating decays are determined from the experimental upper
limits [25].
3.4 Z′ Physics
We now study potential signals of the Z ′ gauge boson at the LHC, in gauge kinetic mixing,
and in neutrino trident production. In general, there are exclusion regions from all these
observables. Note that we do not include these observables in our χ2 analysis, but only
check a posteriori whether the respective constraints are fulfilled.
3.4.1 Dimuon Signals at the LHC
In the present model, the Z ′ gauge boson should be lighter than about 800 GeV to explain
∆aµ. The most relevant Z
′-related process at the LHC is resonant dimuon production,
pp→ Z ′ → µ+µ−. (3.133)
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∆aµ requires sizable couplings to muons, while small couplings to the SM quarks are
enough to explain b → s`+`− anomalies. Hence, the Z ′ boson will dominantly decay
to muons and muon neutrinos, and its production cross section will be suppressed by
the small couplings to the SM quarks. General LHC limits on Z ′ bosons responsible
for b → s`+`− anomalies are studied in Refs. [100, 101]. Exclusion bounds are given in
Ref. [102] based on 139 fb−1 of data. We have calculated the fiducial cross section, using
the definition and cuts of Ref. [102], with MadGraph5 2 6 5 [103] based on an UFO [104]
model file generated with FeynRules 2 3 32 [103,105].
3.4.2 Gauge Kinetic Mixing
We assume that the gauge kinetic mixing between the U(1)Y and U(1)
′ gauge boson is
absent at tree-level. At the one-loop level mixing is unavoidable and the corresponding
Z-Z ′ mixing parameter  is estimated as
 ' gY g
′
6pi2
log
(
m2E
m2L
m2Qm
2
D
m4U
)
, (3.134)
where mF ∼ λFV vφ for F = E,L,Q, U,D and gY is the U(1)Y gauge coupling constant.
Current experimental limits are summarized in Ref. [106]. Values of  ∼ 0.05 are not
excluded provided that the Z ′ is heavier than a few 100 GeV.
3.4.3 Neutrino Trident Production
The Z ′ contributes to muon-neutrino induced muon pair production off a nucleus νµN →
νµµ
+µ−N , the so-called neutrino trident process [6, 107–111]. The cross section for this
process at the CCFR experiment is estimated as [111] (see also [112] for a complete SM
computation)
RCCFR :=
σCCFR
σSMCCFR
' (1 + 4s
2
W + ∆g
V
µµµµ)
2 + 1.13(1−∆gAµµµµ)2
(1 + 4s2W )
2 + 1.13
. (3.135)
The experimentally observed rate is σCCFR/σ
SM
CCFR = 0.82±0.28 at 95% C.L. The relevant
effective interactions are
Heff = GF√
2
[
gVµµµµ (νµγαPLνµ) (µγ
αµ) + gAµµµµ (νµγβPLνµ)
(
µγβγ5µ
)]
, (3.136)
where the neutrinos are taken as flavor states. In our model, the coupling constants are
given by
gVµµµµ = 1 + 4s
2
W + ∆g
V
µµµµ and g
A
µµµµ = −1 + ∆gAµµµµ, (3.137)
with Z ′ boson contributions given by
∆gV,Aµµµµ =
√
2
GF · 2m2Z′
[
gˆZ
′
eL
]
νµνµ
([
gˆZ
′
eR
]
22
±
[
gˆZ
′
eL
]
22
)
. (3.138)
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Here,
[
gˆZ
′
eL
]
νµνµ
is given by [
gˆZ
′
eL
]
νµνµ
= g′
[
U †eL Q
′
nL
UeL
]
22
, (3.139)
and we have used s2W = 0.23129 specifically for this process as in Ref. [111]. This constraint
is relevant only for light Z ′’s and becomes unimportant for mZ′ & 200 GeV.
4 Results
4.1 χ2 Fitting
We search for parameters that can explain both ∆aµ and b→ s`+`− anomalies consistently
with the other observables. For this, we attempt to minimize the χ2 function,
χ2(x) :=
∑
I
(yI(x)− y0I )2
σ2I
, (4.1)
where x is a parameter space point, yI(x) is the value of an observable I with central
value y0I and uncertainty σI . Altogether, we include 98 observables with central values
and uncertainties listed in Tables 3, 6, 7 and 8. Values for C
(′)e,µ
9,10 have been stated
in Section 3.3.1. We use exact numerical evaluation to compute the observables, not the
analytic expressions that we have only used to illustrate the general features of the model.
In our analysis there are 65 free model parameters. Five of these are in the bosonic sector,
namely
mZ′ , vφ, g
′, λχ, λσ, (4.2)
which are the Z ′ mass, the VEV of φ, the U(1)′ gauge coupling constant, and the effective
quartic couplings of the scalars Φ and φ. All other parameters are Yukawa coupling
constants appearing in Eqs. (2.2)-(2.5). Generally, we assume that the Yukawa coupling
constants are real, except for the couplings yu,d13 , y
u,d
31 which are taken to be complex in order
to explain the complex phases in the CKM matrix. The Yukawa couplings involving the
right-handed neutrinos with heavy Majorana masses, that is λNi and y
n
ij, are not included
in our χ2 analysis as none of our 98 observables is sensitive to them. As discussed in
Section 2.2.4, g′ < 0.35 is imposed, such that the gauge coupling stays perturbative up to
∼ 1016 GeV. We restrict all Yukawa and effective quartic coupling constants to be smaller
than unity and impose vφ ≤ 5.0 TeV.
4.2 Best Fit Points
We find a landscape of good fit points in similar phenomenological regions. We will focus
our discussion on the four best fit points A, B, C and D with χ2 = 22.6, 25.0, 23.3 and
23.8 (for Nd.o.f. = 98− 65 = 33 degrees of freedom), respectively. All four best fit points
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Table 11: Values of χ2, selected input parameters and observables for Z ′ physics at the
best fit points A, B, C and D. The degree of freedom in our analysis is Nobs − Ninp =
98− 65 = 33.
Parameters Point A Point B Point C Point D
χ2 22.6 25.0 23.3 23.8
g′ 0.250 0.340 0.323 0.349
(vΦ, vφ) [TeV] (0.785, 4.08) (1.11, 3.12) (1.07, 4.98) (1.54, 4.82)
mZ′ [GeV] 277.6 535.3 486.7 758.7
σfid(pp→ Z ′ → µ+µ−) [fb] 0.618 0.245 0.126 0.069
Z-Z′ × 103 -1.33 3.15 1.62 -0.365
RCCFR 1.019 1.010 1.028 1.008
are selected from points with the charged VL lepton heavier than 250 GeV and the fiducial
cross section σfid (pp→ Z ′ → µ+µ−) smaller than the latest experimental limit. Point A
is the global best fit point under these conditions. The point B is the best fit point of
points with mE1 > 1.2 TeV. This point has slightly larger χ
2 value than the other three
best fit points (see Table 12), mainly because RthBs→µµ ∼ 0.9 due to the smaller ReCµ10.
The points C and D are the best fit points under the conditions mχ > 750 GeV and
mZ′ > 750 GeV, respectively.
The values of selected input parameters and observables are listed in Tables 11 and 12.
All input parameters are shown in Appendix C and complete lists of all observables at the
best fit points are listed in Appendix D. Masses and predicted dominant decay modes of
new particles are summarized in Tables 18, 19, 20 and 21. The decay widths are calculated
based on the formulae in Appendix A.
4.3 Phenomenology
We now discuss some global features of our model. Figure 3 shows fit points with χ2 <
33 = Nd.o.f.. The red circles (green triangles) have χ
2 < 28 (33). Points which are
excluded by Z ′ physics, namely LHC searches and/or neutrino trident production, are
denoted by red crosses (green pluses) with the same color coding as above. The Z-Z ′
mixing parameter  is always less than or equal O (10−3) and, thus, much smaller than
the experimental limit. All subsequent plots show the same model parameter points as
Figure 3.
The blue solid (dashed) line in Figure 3 corresponds to vΦ = 1.7 (2.0) TeV. Consistent
with our analytical analysis of ∆aµ in Section 3.1.1, c.f. especially Eq. (3.18), there is no
point with χ2 < 28 (33) whenever vΦ > 1.7 (2.0) TeV. This results in an upper bound on
the Z ′ mass: mZ′ . 840 GeV for g′ < 0.35. We note that in Fig. 3 allowed and excluded
points co-exist for similar values of mZ′ and g
′. This is because in this plane one does
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Table 12: Values of selected observables at the best fit points A, B, C and D. The last
column shows experimental central values and their uncertainties. The upper limits on
the LFV decays are 90% C.L. limits.
Observables Point A Point B Point C Point D Exp.
∆aµ × 109 2.62 2.52 2.52 2.45 2.68± 0.76
BR(µ→ eγ)× 1013 0.147 1.597 0.061 0.822 < 4.2
BR(τ → µγ)× 108 3.34× 10−4 3.62× 10−4 3.27× 10−6 8.45× 10−7 < 4.4
BR(τ → µµµ)× 108 6.96× 10−3 4.77× 10−4 6.55× 10−5 4.36× 10−7 < 2.1
ReCµ9 −0.548 −0.806 −0.838 −0.808 −0.7± 0.3
ReCµ10 0.370 0.252 0.347 0.322 0.4± 0.2
∆Md [ps
−1] 0.561 0.610 0.598 0.590 0.506± 0.081
∆Ms [ps
−1] 19.6 19.8 19.4 20.0 17.76± 2.5
SψKs 0.697 0.696 0.692 0.695 0.695± 0.019
Sψφ 0.0366 0.0374 0.0373 0.0379 0.021± 0.031
RthBs→µµ 0.841 0.890 0.850 0.861 0.75± 0.16
not resolve the different textures for Yukawa couplings, which can lead to vastly different
phenomenology of Z ′ physics. For example, ∆Cµ9 requires
[
gˆZ
′
dL
]
23
∼ 0.001, but this would
not exclude O (1) values of [gˆZ′dL]22 or [gˆZ′dL]33 which have dramatic consequences for Z ′
direct production as we will discuss now.
4.3.1 Z′ Physics
Figure 4 shows the good fit points in the (mZ′ , σfid(pp → Z ′ → µµ)) plane, where we
use the definition and cuts for the fiducial cross section σfid of Ref. [102]. The blue solid
line is the 95% C.L. limit from the ATLAS analysis [102]. Since the limit is given only
for mZ′ > 250 GeV, we use an extrapolation down to lower masses shown by the dashed
blue line. As a rough estimate for the sensitivity to be expected at the HL-LHC we can
scale the limit on the cross section by
√
139/3000, the square root of the expected ratio
of integrated luminosities. This sensitivity is shown as a purple, dot-dashed line in Fig. 4.
A small flavor violating coupling to Z ′,
[
gˆZ
′
dL
]
23
∼ 10−3 is enough to explain the
b→ s`+`− anomalies. A diagonal coupling of Z ′ to bottom quarks or to the light quarks
could be sizable without changing other flavor violating observables. However, fitting the
observed CKM matrix sets limits on the size of such couplings. Therefore, a good fit
prefers small diagonal couplings to quarks. In agreement with that, our best fit points
predict fiducial cross section roughly about an order of magnitude smaller than the cur-
rent limits. We stress that the LHC limits were not part of the fit and only checked
subsequently on good fit points.
Since ∆aµ requires sizable Z
′ coupling to muons, a sizable muon neutrino coupling
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Figure 3: Good fit points in the (mZ′ , g
′) plane. The red (green) dots represent χ2 <
28 (33), where points which are already excluded by direct Z ′ searches or neutrino trident
production are shown with crosses or pluses. The blue solid (dashed) line shows the
maximally allowed values of vΦ to give an explanation of ∆aµ.
is also predicted. Our model, therefore, is sensitive to the neutrino trident process if
vΦ . 350 GeV. Focusing on this mass range in Fig. 4, we see that there are a handful of
points which are excluded exclusively by the trident constraints and not by LHC searches.
On a different note, the one-loop induced gauge kinetic mixing for all points is O (10−3)
or less, much smaller than the current limits.
4.3.2 b→ s`+`−
All the best fit points A-D are fitted to pattern (IV) (“C9 and C10”, cf. eq. (3.68)). There
are also a lot of points which are fitted to pattern (I) (“C9 only”, eq. (3.65)). We show
our good fit points the (ReCµ9 , ReC
µ
10) plane in the left panel of Fig. 5. Points with
pattern (IV) tend to have smaller χ2 because of the tension in RBs→µµ which favors non
zero C10. The other patterns (II) (“C10 only”), (III) (“C9 = −C10”), and (V) (“C9 and
C ′9”), are hardly compatible with other observables and we will now discuss this in some
detail. Making use of the analytic discussion in Appendix B, the Z ′ couplings to muons
can be expressed as [
gˆZ
′
eL
]
22
∼ −g′s2µL ,
[
gˆZ
′
eR
]
22
∼ −g′s2µR . (4.3)
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Figure 4: Good fit points in the (mZ′ , σfid (pp→ Z ′ → µµ)) plane. The color coding is the
same as in Fig. 3. The solid blue line is the 95% C.L. exclusion limit from ATLAS [102].
The blue dashed line extrapolates this line to test the points with mZ′ < 250 GeV. As
purple dot-dashed line we show a rough estimate of the future sensitivity to be expected
after HL-LHC. Excluded points below the blue line are not excluded by LHC direct
searches but by neutrino trident production.
Hence, the ratio Cµ10/C
µ
9 is given by
Cµ10
Cµ9
∼ s
2
µR
− s2µL
s2µR + s
2
µL
. (4.4)
This indicates |Cµ10/Cµ9 | ≤ 1, and that pattern (II) (“C10 only”) can never be realized. pat-
tern (III) is Cµ9 ≈ −Cµ10, implying s2µR  1. However, as ∆aµ ∝ sµLsµR/v2Φ (cf. Eqs. (3.14),
(3.15)) it would be suppressed in this case unless the suppression is compensated by a
small vΦ . 500 GeV. We show this on the right panel of Fig. 5, where one can clearly see
that there are no good points with Re(Cµ10/C
µ
9 ) . −0.8 for vΦ & 1.0 TeV. Finally, pattern
(V) is incompatible with neutral meson mixing: As can be seen from Eqs. (3.95), mixed
LR contributions of Z ′ exchange are enhanced by large negative coefficients. Since pattern
(V) requires that
[
gˆZ
′
dL
]
23
and
[
gˆZ
′
dR
]
23
have opposite signs, their LR contribution to meson
mixing adds constructively with the SM. As the SM prediction for ∆Ms is already larger
than the experimentally measured value, Z ′ couplings compatible with pattern (V) would
only ever increase the tension with experiment. This could be overcome if there were
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Figure 5: Good fit points in the (−ReCµ9 , ReCµ10) and (vΦ, Re(Cµ10/Cµ9 )) planes. The
color coding is the same as in Fig. 3. The black line in the right plot correspond to
pattern (IV) of Eq. (3.68).
sizable negative contributions from the scalar exchange, however, the scalar couplings in
our model are always suppressed as shown in Appendix B.
4.3.3 Standard Model Quark Sector
We fit our model parameters to match the quark masses, absolute values of the CKM
matrix elements, and relative physical phases α, β and γ. We do not assume unitarity
of the CKM matrix and fit our parameters directly to the experimentally determined
absolute values and angles. In addition, we require our model to fit the Wilson coefficients
of b→ s`+`− processes such that the anomalies are matched. Furthermore, we fit to CP-
even and CP-odd observables in K-K , Bd-Bd , Bs-Bs and D-D mixing as well as R
νν
K(∗) ,
RBd(s)→µµ, BR(Bs → Kττ) and top quark decays. Of course, to some extent this approach
consists of a “double fitting” as CKM angles and phases are themselves extracted also
from some of these observables under the assumption of the SM. However, our approach
should be valid here as NP contributions to the relevant observables are typically less
than O(10%).
Our best fit values for CKM matrix elements and angles, relative to the SM extrac-
tion, are shown in Fig. 6. The brown lines and yellow bands show central values and their
uncertainties as obtained in a global fit to the SM [25]. It is an important non-trivial
crosscheck of our fitting procedure that we reproduce the SM best-fit values for most
elements. In general, our results are consistent with the SM as most of the values agree
within their 1σ region. However, some elements, namely |Vcb|, |Vtd| and |Vts| show con-
sistent deviations from the SM extraction. Perhaps these deviations could be tested by
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Figure 6: Pulls of good fit points of our model with respect to experimental determi-
nations of absolute values and physical relative phases of CKM matrix elements. The
color coding for the red and green points is the same as in Fig. 3. The brown lines and
dark (lighter) yellow bands are the central values and 1σ (2σ) ranges of CKM elements
as determined in a global SM fit taken from [25].
future experiments, which would be especially interesting if they are correlated with other
observables. In Fig. 7 we show the good fit points in the (∆Md, ∆Ms) plane compared
to experimental measurements and SM prediction with and without the assumption of
CKM unitarity. Uncertainties of the SM predictions are shown in the figure. As discussed
Section 3.3.2, the relative uncertainties for ∆Md and ∆Ms are estimated as 16 % and 14 %
without assuming unitarity of the CKM matrix. These uncertainties reduce to 9.8 % and
7.1 % if CKM unitarity is assumed [25].
Although there are sizable Z ′ contributions these are still small compared with the
uncertainties originating from the CKM elements without assuming unitarity. The CP
asymmetry parameters SψKs and Sψφ are well fit to the experimental values, cf. their
values at the best fit points in Table 12 and experimental values in Table 8.
The right panel of Fig. 7 shows the good fit points in the (∆MK , K) plane. Similar
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Figure 7: Good fit points in the (∆Md, ∆Ms) (left) and (∆MK ,K) plane (right). The
color coding is the same as in Fig. 3. Black thin-dashed (thick) lines show 1σ (2σ)
deviations from the experimental values. The experimental central values are shown as
light-blue plus. SM predictions with (without) assuming CKM unitarity are shown as a
purple diamond (dark-blue x in the left panel).
to B-B mixing, the Z ′ contributions are smaller than the uncertainties from the CKM
values and QCD corrections.
There may be a sizable contribution from Z ′ exchange toD-D mixing as well. However,
theoretical errors here are too large to hope for a discrimination of SM and NP effects.
Also the effects in top quark decays, including flavor violating ones, are too small to be
tested by experiment.
Potentially, there are also contributions from the new scalar fields. However, as shown
in Appendix B, the Yukawa coupling of the new scalars to the SM fermions first arise
at the second order of the small mixing angles. Therefore, scalar contributions are very
suppressed for Bs → µµ. The ratio RBs→µµ is predominantly determined by Cµ10 where a
larger Cµ10 relaxes the tension between measurements and the SM prediction, see Table 12.
Finally, BR(Bs → Kττ) is generally not much affected as the Z ′ coupling to τ ’s can be
suppressed. At all the best fit points, Rνν
K(∗) . 1.06 which is a deviation much smaller
than the experimental sensitivities.
4.3.4 Charged Lepton Flavor Violation
We now discuss predictions for charged LFV in this model. While we have included the
experimental upper bounds on charged LFV in the fit, it still is interesting to see the
size and spread of LFV obtained in this model. Figure 8 shows the best fit points in the
(BR(µ→ eγ), BR(µ→ eee)) and (BR(τ → µγ), BR(τ → µµµ)) planes, respectively. For
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Figure 8: Predictions of the best fit points for BR(µ→ eγ), BR(µ→ eee), BR(τ → µγ),
as well as BR(τ → µµµ) and their correlations. The color coding is the same as in Fig. 3.
The black lines are the current experimental 90% C.L. exclusion limits.
LFV muon decays, BR(µ→ eγ) is much larger than BR(µ→ eee). As already discussed
in Section 3.1.3 and 3.1.4 this can be understood analytically. While the former decay is
quadratically proportional to the tiny mixing angle e between electron and VL leptons,
the latter decay scales with 6e. Thus, our model predicts BR(µ→ eγ) BR(µ→ eee).
For LFV τ decays, in contrast, BR(τ → µµµ) is roughly of the same order of magnitude
as BR(τ → µγ). This can be understood because both of them are scaling as 2τ , where
τ is the small mixing angle between τ and the VL leptons. All the other LFV tau decays
are suppressed by additional powers of τ and/or e.
We see that especially for µ → eγ there are many best fit points close to the current
upper limit. This limit will be significantly improved to < 6 × 10−14 by the upcoming
MEG II experiment [113]. Similarly an improvement on the upper limit of BR(τ → µγ) by
up to two orders of magnitude is expected from Belle II [114]. Nonetheless, we find good
fit points that extend into regions which will not be probed by upcoming experiments.
We therefore conclude that while a future excess in the charged LFV channels µ → eγ
and/or τ → µγ could consistently be explained in our model, those observables will not
be the first to exclude this model.
Regarding charged LFV decays of SM bosons at tree level, we find that the respective
branching fractions are more than several orders of magnitude smaller than the current
bounds. In fact, the couplings of SM bosons to SM fermions are very close to their SM
values which we have already discussed in Section 3.2 based on our analytical treatment
shown in Appendix B.
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4.3.5 Signals of Vector-Like Leptons
Finally, let us investigate collider signatures of VL fermions. As discussed in Section 3.1.1,
the VL lepton mass is constrained to explain the muon anomalous magnetic moment, and
∆aµ = 2.68 × 10−9 can be realized only within the parameter space shown in Fig. 2. In
the same figure we show the masses of the lightest VL lepton mE1 and mZ′ for our best
fit points. Most points have mE1 . 800 GeV and the points with mE1 > 800 GeV are
found only where mZ′ ∼ 500 GeV as expected from our analytical discussion illustrated
by the contours in Fig. 2. In the upper panels of Fig. 9 we show the distribution of the
heavier VL lepton masses mE2 with respect to mZ′ (left) and with respect to the lighter
VL lepton mE1 (right). The black thick, thin, and dashed lines show mass splittings
∆mE := mE2−mE1 = 0, 174, and 2 ·174 GeV, respectively. The mass splitting is bounded
by ∼ λ′evH , and it is typically not very large, since the loop function CZ′ contributing to
∆aµ, defined in Eq. (3.16), is maximized when the masses are degenerate. Consequently,
the heavier VL lepton E2 is typically not much heavier than about 1.5 TeV. According
to Ref. [115], the production cross section of a doublet VL lepton with mass 1.5 TeV is
about O (0.1) fb which corresponds to about 30 (300) total events at the end of LHC
(HL-LHC). Therefore, the HL-LHC could exclude the whole parameter space compatible
with ∆aµ if the signals for VL leptons are very clean.
In the present model, high-multiplicity muon signals are expected from the production
and decay of VL leptons. The decay modes crucially depend on the masses of the Z ′ and
χ bosons. We show the dominant two-body decay modes and their branching fractions
at our best fit points in Tables 18-21 in Appendix D. If either of the following final states
is kinematically allowed, the lightest VL lepton decays dominantly to
E1 → Z ′ + µ, and/or E1 → χ+ µ. (4.5)
For illustration, the lower left panel in Fig. 9 shows the sum of BR(E1 → Z ′µ)+BR(E1 →
χµ) in dependence of mE1 for our good fit points, cf. also Tables 18-21. Often either χ or
Z ′ is lighter than the VL leptons, as is the case for the best fit points A, B, and D. This
comes about because a light scalar χ is favored to suppress its destructive contribution
to ∆aµ, while the Z
′ mass is controlled by the overall scale vΦ which is rarely above ∼ 1
TeV.
On the contrary, if mE1 < mZ′ ,mχ (as in our best fit point C), E1 decays predomi-
nantly to a SM boson and a muon or neutrino,
E1 → h/Z + µ, and/or E1 → W + νµ. (4.6)
The detailed ratio of these branching fractions depends on the mixing between the singlet-
like and doublet-like VL states.
The final states in Eq. (4.6) have been studied as a signature of VL leptons in several
papers [115–121]. However, there is no study by LHC experiments of VL leptons decaying
to a muon based on LHC Run-2 data. A dedicated analysis of the experimental data
shows that a singlet-like VL lepton at the point C with mass above 200 GeV can not be
excluded [117].
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Figure 9: Good fit points and their predicted values of the observables, mZ′ , mE1 , mE2 ,
mD1 , and BR(E1 → Z ′/χ+ µ). The color coding is the same as in Fig. 3.
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The final states in Eq. (4.5) have not been considered so far; they give rise to charac-
teristic multi-lepton final states. This comes about because the Z ′ boson predominantly
decays to a pair of muons or muon neutrinos, cf. Tables 18-21. The scalar χ couples to SM
fermions through the tiny Yukawa couplings induced by mixing effects, ∼ fSMmfSM/MFVL .
However, at most points χ has a large coupling to muons because of the large mixing. In
addition, couplings to third generation quarks could also be large due to an enhancement
by their heavy masses. This is the case at our best fit point D, cf. Table 21. The sizable
branching fractions of the exotic boson to pairs of muons provide clean resonance signals,
Z ′ → µ+µ− and χ→ µ+µ−. (4.7)
Therefore, processes with dramatic multi-resonant multi-lepton final states, such as
pp→ E+1 E−1 → µ+
(
µ+µ−
)
B
+ µ−
(
µ+µ−
)
B
, B = χ, Z ′ (4.8)
are expected from the VL lepton production. Here, (µ+µ−)B is a pair of muons with
a resonant feature at the invariant mass m2µµ ∼ m2B. At point D, the doublet-like VL
neutrino also decays to the exotic scalar and signals such as
pp→ E1N1 → µ
(
µ+µ−
)
B
+ ν
(
µ+µ−
)
B
, (4.9)
are expected. This signal is expected if the lightest VL lepton is doublet-like.
The heavier VL lepton decays in a more complicated way. It will predominantly decay
to the lighter VL lepton under the emission of a SM boson, since there is sizable mixing
between the VL leptons in order to enhance the left-right effects to ∆aµ. The most
dramatic case may be
E2 → E1Z → µ(µ+µ−)Z′ + (`+`−)Z , (4.10)
which results in five SM leptons from one VL lepton. A pair of VL leptons, thus, could
produce up to ten leptons per event. Although it may be difficult to reconstruct all of
them, such high-multiplicity lepton signals provide a very distinctive event topology.
4.3.6 Signals of Vector-Like Quarks
The lower right panel of Fig. 9 shows the good fit points in the (mZ′ , mD1) plane. Unlike
for the VL leptons, there is no stringent upper limit on the VL quark masses. This
is because small Z ′ couplings to the SM quarks are enough to explain the b → s`+`−
anomalies. Moreover, the mixing itself is given by λQi vΦ/λ
Q
V vφ and is independent of
the Higgs VEV. The VL quarks can be within the reach of current and future collider
experiments if they are light. For instance, point A has a singlet-like VL quark with
mass ∼ 1.6 TeV. Since vΦ < 1.7 TeV is required, VL quark decays to Z ′ or χ is always
kinematically allowed. As for the VL leptons, dramatic signals involving Z ′ or χ, e.g.
pp→ QQ→ jet (µ+µ−)Z′ + jet (µ+µ−)Z′ , (4.11)
are expected. These high-multiplicity leptons with resonant features in association with
jets provide another distinctive signal of this model.
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5 Summary
We have presented an extension of the Standard Model with the addition of a vector-
like family of quarks and leptons which also carry a new U(1)′ charge. The model is
constructed to address the known experimental anomalies associated with muons, i.e. the
anomalous magnetic moment of the muon and the decays b → s`+`−. SM quarks and
leptons feel the new Z ′ gauge interactions only via mass mixing with the VL family. The
model contains two additional SM singlet scalars, one that is used to model the masses of
the VL family and another one that mixes the VL family with the SM states and obtains a
VEV that spontaneously breaks the U(1)′ symmetry. We performed a global χ2 analysis of
the data, with 65 arbitrary model parameters and taking into account 98 observables. We
have found many model points which satisfy χ2/Nd.o.f. ≤ 1. We cannot simultaneously fit
the anomalous magnetic moment of the electron and muon, because the theory is severely
constrained by the experimental upper bound on BR(µ→ eγ).5 We, therefore, decided to
only fit ∆aµ. All good fit points have BR(µ→ eγ) > 10−16 and BR(τ → µγ) > 10−15 with
the latter being strongly correlated with BR(τ → 3µ). Roughly half of our best fit points
have BR(µ→ eγ) in a range that is accessible by upcoming experiments. However, note
that this is not a necessity of the model, i.e. BR(µ→ eγ) could always be suppressed by
tuning eL,R to zero without affecting the explanation of the anomalies or SM predictions.
With regards to b → s`+`− decay processes, we fit the Wilson coefficients for new
physics contributions as discussed in Ref. [52]. Only two of the five possible good fit
points of this analysis can be fit in our model. The flavor violating decays of SM bosons,
i.e. Higgs, W and Z are severely suppressed in our model. The vector-like quark induced
coupling to Z ′ also gives sizable contributions to neutral meson mixing, particularly K-K¯,
Bd,s-B¯d,s, and D-D¯ mixing. The best-fit values for many CKM elements in our model
consistently deviate from their experimental central values at the level of 1-2σ (as they
do also in the Standard Model). Hence, more accurate constraints of CKM non-unitarity
and more precise measurements of CKM elements would be very welcome to further test
the model.
In order to understand the predictions for new physics we have presented four “best fit
points” - A, B, C, and D with the masses of the new particles and their decay rates given
in Tables 18, 19, 20 and 21, respectively. Many more details are given in the Appendices.
The fit values for some selected observables are given in Table 12. Although the Z ′ mass is
typically significantly less than a TeV and it decays with a significant branching fraction
to µ+µ−, we find many points not excluded by recent ATLAS searches for a dimuon
resonance. We are also constrained by neutrino trident processes. The VL leptons are
typically light, while the VL quarks are significantly heavier with mass of order a few TeV.
Since the lightest VL leptons at best fit points, A, C and D, have mass between 300 - 600
GeV, these states may be accessible even at the LHC, and even more so at the HL-LHC.
They typically result in multi-muon production channels as discussed in Section 4.3.5.
This model is a prototype which highlights that fixing anomalies with consistent mod-
5During the completion of our work, Ref. [36] appeared on the arXiv which reaches the same conclusion
for a model with Z ′ and VL leptons (see also the somewhat related discussion in [28]).
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els, while maintaining the successful Standard Model predictions, comes at a price: The
model appears eminently testable and, therefore, can be excluded in many complementary
ways.
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A Decay Width Formulas
Widths of two-body decays with both left-handed and right-handed interactions are sum-
marized in this Appendix.
A.1 Scalar Decays
With the Yukawa interactions of a real scalar field φ and two fermions f1, f2,
Lφ→f1f2 = −φ
(
yLf 1PLf2 + yRf 1PRf2
)
, (A.1)
the partial width of φ is given by
Γ
(
φ→ f1f 2
)
=
mφ
16pi
λ(x1, x2)
[(∣∣y2L∣∣+ ∣∣y2R∣∣) (1− x1 − x2)− Re (yLy∗R) 4√x1x2] , (A.2)
where xi = mfi/m
2
φ and
λ(x1, x2) :=
√
1− 2(x1 + x2) + (x1 − x2)2. (A.3)
A.2 Gauge Boson Decays
Gauge interactions of a vector field V , two fermions f1, f2,
LV→f1f2 = Vµ
(
gLf 1γ
µPLf2 + gRf 1γ
µPRf2
)
. (A.4)
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give the partial width,
Γ
(
V → f1f 2
)
=
mV
24pi
λ(x1, x2)
[ (∣∣g2L∣∣+ ∣∣g2R∣∣)(1− x1 + x22 − (x1 − x2)22
)
(A.5)
+ Re (gLg
∗
R) 6
√
x1x2
]
,
where xi = mfi/m
2
V .
A.3 Fermion Decays
If mf2 > mf1 + mφ, a fermion f2 can decay as f2 → f1φ through the Yukawa interaction
in Eq. (A.1). The partial width is given by
Γ (f2 → f1φ) = mf2
32pi
λ(y, z)
[(∣∣y2L∣∣+ ∣∣y2R∣∣) (1− y − z) + Re (yLy∗R) 4√y] , (A.6)
where y = m2f1/m
2
f2
and z = m2φ/m
2
f2
.
The gauge interactions in Eq. (A.4) induce a decay f2 → f1V , if mf2 > mf1 + mV .
The partial width is given by
Γ (f2 → f1V ) =
m3f2
32pim2V
λ(y, z)
[ (∣∣g2L∣∣+ ∣∣g2R∣∣) {(1− y)2 + z(1 + y)− 2z2}
− Re (gLg∗R) 3z
√
y
]
, (A.7)
where y = m2f1/m
2
f2
and z = m2V /m
2
f2
.
B Analytical Analysis
Many analytical formulae used in the main text are derived in this Appendix.
B.1 Diagonalization of the Dirac Mass Matrices
The 5× 5 Dirac mass matrices are given by
fRMffL =
(
fRi FR F
′
R
)
yfijvH 0 λ
R
i vΦ
0 λfvH λ
R
V vφ
λLj vΦ λ
L
V vφ λ
′
fvH


fLj
F ′L
FL
 , (B.1)
where (f, F, L,R) = (e, E, L,E), (u, U,Q, U), (d,D,Q,D) for charged leptons, up or down
quarks, respectively, see Eqs. (2.6)-(2.9). We are interested in the case vH  λL,Rvφ, in
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which case the VL fermions are heavy enough to be consistent with LHC limits. We
diagonalize all the Dirac mass matrices perturbatively in vH/vφ. At leading order, i.e. vH ,
the mass matrices are block diagonalized by the unitary matrices,
U0fL =
(
zfLj n
f
L 0
0j 0 1
)
, U0fR =
(
zfRj n
f
R 0
0j 0 1
)
. (B.2)
Here, the four-component vectors obey the following conditions,
nfL =
1
MFL
(
λLi vΦ
λLV vφ
)∗
, nfR =
1
MFR
(
λRi vΦ
λRV vφ
)
, (B.3)
(
zfLi
)†
nfL =
(
zfRi
)†
nfR = 0,
(
zfLi
)†
zfLj =
(
zfRi
)†
zfRj = δij, (B.4)
where
MFL =
√√√√ 3∑
i=1
|λLi vΦ|2 + |λLV vφ|2, MFR =
√√√√ 3∑
i=1
|λRi vΦ|2 + |λRV vφ|2. (B.5)
The vectors zLi , zRi can be any four-component vectors which satisfy Eq. (B.4). Another
set of z′Li = [uL]ijzLj , z
′
Ri
= [uR]ijzRj , with arbitrary unitary matrices uL, uR also satisfy
the conditions Eq. (B.4). We define these vectors such that the upper-left 3× 3 block is
diagonalized by using this degree of freedom.
Rotating the mass matrix by these unitary matrices while keeping O (vH) elements we
obtain
M˜f := (U0fR)†MfU0fL (B.6)
=

(
zfRi
)†
mˆf z
f
Lj
(
zfRi
)†
mˆf n
f
L 0i(
nfR
)†
mˆf z
f
Lj
(
nfR
)†
mˆf z
f
Lj
MFR
0j MFL λ
′
fvH
 :=

y˜fi δijvH y˜
f
Ri
vH 0i
y˜fLjvH λ˜fvH MFR
0j MFL λ
′
fvH
 ,
where the 4× 4 matrix mˆf is defined as
mˆf :=
(
yfij 0i
0j λf
)
vH . (B.7)
The matrix M˜f is 3 ⊕ 2 block diagonal, except y˜fLi,RjvH . The mixing effects induced by
these elements are O()y˜fL,RvH/MFL,R), suppressed by Yukawa couplings and VL fermion
masses.
Next, we diagonalize the lower-right block. We are interested in parameters where
MEL,R & 250 GeV and MQL,R & 1.5 TeV to be consistent with LHC searches. The VL
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quarks are substantially heavier than vH , while the VL leptons are at a few hundred GeV
with a Yukawa coupling λ′e ∼ O (1) as required in order to explain ∆aµ. Fortunately,
the other Yukawa couplings are small enough due to the small charged leptons masses.
Keeping λ′evH , the next order of unitary matrices is parametrized as
U1fR =

δij 0i 0i
0j sθR cθR
0j cθR −sθR
 , U1fL =

δij 0i 0i
0j cθL −sθL
0j sθL cθL
 , (B.8)
with angles θL,R that satisfy(
sθR cθR
cθR −sθR
)(
λ˜fvH MFR
MFL λ
′
fvH
)(
cθL −sθL
sθL cθL
)
=: diag
(
M˜FL , M˜FR
)
. (B.9)
The rotated mass matrix is
(
U1fR
)† M˜fU1fL =

mfiδij cθL y˜
f
Ri
vH −sθL y˜fRivH
sθR y˜
f
Lj
vH M˜FL 0
cθR y˜
f
Lj
vH 0 M˜FR
 . (B.10)
We now give approximate forms for angles θL,R and masses M˜FL,R . Here, we neglect λfvH .
If λ′fvH  |MFL −MFR |, the mixing angles and masses are approximately given by
cθL,R = 1 +O
(
δ2fL,R
)
, M˜FL,R = MFL,R +O
(
δfL,Rλ
′
fvH
)
,
sθL,R = δfL,R +O
(
δ2fL,R
)
, (B.11)
with an expansion parameter defined as
δfL,R =
λ′fvHMFL,R
M2FL −M2FR
. (B.12)
Clearly, this approximation becomes inaccurate if the VL fermions are nearly mass-
degenerate. For the nearly mass-degenerate case one can proceed as follows. We introduce
three mass parameters,
MF :=
MFL +MFR
2
, ∆F :=
MFL −MFR
2
, µF :=
√
∆2F +
(λ′vH)
2
4
. (B.13)
If
∣∣λ′fvH∣∣ , |∆F | MF , the masses are given by
M˜FL = MF + µF +O
(
(λ′vH)2
MF
)
, M˜FR = MF − µF +O
(
(λ′vH)2
MF
)
. (B.14)
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The mixing angles are given by
cθL =
1√
2
(
αF −
λ′fvH
4MF
βF
)
, sθL =
1√
2
(
βF +
λ′fvH
4MF
αF
)
, (B.15)
cθR =
1√
2
(
αF +
λ′fvH
4MF
βF
)
, sθR =
1√
2
(
βF −
λ′fvH
4MF
αF
)
, (B.16)
where
αF :=
1√
2
√1 + λ′fvH
2µF
+
√
1− λ
′
fvH
2µF
 , βF := 1√
2
√1 + λ′fvH
2µF
−
√
1− λ
′
fvH
2µF
 .
(B.17)
Here, higher orders of λ′vH/MF and ∆F/MF are neglected.
We now proceed to further diagonalize Eq. (B.10). At the first order in y˜fL,RvH/M˜FL,R ,
Eq. (B.10) is diagonalized by unitary matrices,
U2fR =

δij cθL y˜
f
Ri
vH/M˜FL −sθL y˜fRivH/M˜FR
−cθL y˜f∗RjvH/M˜FL 1 0
sθL y˜
f∗
Rj
vH/M˜FR 0 1
 , (B.18)
U2fL =

δij sθR y˜
f
Li
vH/M˜FL cθR y˜
f
Li
vH/M˜FR
−sθR y˜f∗LjvH/M˜FL 1 0
−cθR y˜f∗LjvH/M˜FR 0 1
 . (B.19)
Multiplying these unitary matrices one finds
(
U2fR
)† (
U1fR
)† M˜fU1fLU2fL = diag (mfiδij, M˜FL , M˜FR)+O

(
y˜fL,RvH
)2
M˜FL,R
 . (B.20)
The second-order corrections to the upper-left block are given by
∆mfij := y˜
f
Ri
y˜fLj
v2H
M˜FLM˜FR
(
M˜FLcθRsθL − M˜FRcθLsθR
)
∼ y˜fRi y˜fLj
λ′fv
3
H
M˜FLM˜FR
. (B.21)
Here, it does not matter whether Eq. (B.11) or Eq. (B.15) is used in the second equality;
both give the same result at this accuracy. These corrections are negligibly small in the
relevant parameter space. Altogether, the approximate mass basis fˆL, fˆR is defined as
fˆL := (UfL)
† fL :=
(
U2fL
)† (
U1fL
)† (
U0fL
)†
fL, (B.22)
fˆR := (UfR)
† fR :=
(
U2fR
)† (
U1fR
)† (
U0fR
)†
fR. (B.23)
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B.2 EW Boson Couplings
Couplings of the fermions to SM bosons are completely SM-like at the leading order. The
leading order unitary matrices of Eq. (B.2) transforms the SU(2)L gauge couplings as
(
U1fL
)†(
U0fL
)†
P5U
0
f ′L
U0f ′L = Vij ⊕
(
cθLcθ′L −cθLsθ′L
−sθLcθ′L sθLsθ′L
)
, (B.24)
(
U1fR
)†(
U0fR
)†
P5U
0
f ′R
U1f ′R = 03×3 ⊕
(
cθRcθ′R −cθRsθ′R
−sθRcθ′R sθRsθ′R
)
. (B.25)
Here, Vij is a 3× 3 unitary matrix, which is an identity matrix for the Z boson couplings
where f = f ′. Since U1fL,R do not affect SM fermion couplings, only the mixing via U
2
fL,R
induces flavor violating couplings of SM generations. Their size is estimated as[
(UfL)
†P5Uf ′L
]
ij
= Vij +O
(
y˜Li y˜Lj v
2
H
M2FVL
)
,
[
(UfL)
†P5Uf ′L
]
ib
= O
(
y˜Li vH
MFVL
)
, (B.26)[
(UfR)
†P5Uf ′R
]
ij
= O
(
y˜Ri y˜Rj v
2
H
M2FVL
)
,
[
(UfR)
†P5Uf ′R
]
ib
= O
(
y˜Ri vH
MFVL
)
, (B.27)
where y˜L(R)i ∼ max
(
y˜fL(R)i , y˜
f ′
L(R)i
)
and MFVL is the typical scale of VL fermions.
The Higgs boson couplings are aligned with the mass matrix by the rotation via U0fL,R ,
(
U0fR
)†
Y hf U
0
fL
=

y˜fi δij y˜
f
Li
0i
y˜fRj λ˜f 0
0j 0 λ
′
f
 = v−1H [M˜f]ij
∣∣∣∣
MFL=MFR=0
. (B.28)
Hence, the Yukawa couplings to SM fermions are diagonal in the mass basis if y˜fL,R are
neglected. The mixing U2fL,R induces flavor violating couplings of size[
(UfR)
†Y hf UfL
]
ij
= y˜fi δij +O
(
y˜fLi y˜
f
Lj
v2H
M2FVL
,
y˜fRj y˜
f
Rj
v2H
M2FVL
)
, (B.29)[
(UfR)
†Y hf UfL
]
ib
= O
(
y˜fLi
)
,
[
(UfR)
†Y hf UfL
]
aj
= O
(
y˜fRj
)
. (B.30)
B.3 Charged Leptons
For charged leptons, let us start in a basis in which the upper-left 3× 3 block is diagonal,
Me =

yei δijvH 0i λ
E
i vΦ
0j λevH λ
E
V vφ
λLj vΦ λ
L
V vφ λ
′
evH
 , (B.31)
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such that SM-LFV effects are induced only by λL,Ei . We can achieve this form by redefining
eLi , eRi . Such a redefinition does not change the Z and Z
′ couplings. The W boson
couplings are changed, but this can be absorbed by a redefinition of the neutrinos. The
Yukawa couplings to the scalars, namely Higgs boson and χ, are still aligned with the
mass matrix. In our analysis, we assume that all parameters in the charged lepton sector
are real.
There should be sizable mixing between the muon and VL leptons to explain ∆aµ,
while mixing involving e or τ can be small to avoid LFV processes. We introduce mixing
parameters involving muon,
cµL :=
λLV vφ
MEL
, sµL :=
λL2 vΦ
MEL
, cµR :=
λEV vφ
MER
, sµR :=
λE2 vΦ
MER
, (B.32)
and those for electron and tau,
eL :=
λL1 vΦ
λLV vφ
, eR :=
λE1 vΦ
λEV vφ
, τL :=
λL3 vΦ
λLV vφ
, τR :=
λE3 vΦ
λEV vφ
. (B.33)
We expect e, τ  1 in order to suppress the LFV processes. With these parameteriza-
tions, the leading order unitary matrices are given by
U0eL =

1 −eLsµL 0 eLcµL 0
0 cµL 0 sµL 0
0 −τLsµL 1 τLcµL 0
−eL −sµL −τL cµL 0
0 0 0 0 1

, (B.34)
U0eR =

1 −eRsµR 0 −eRcµR 0
0 cµR 0 sµR 0
0 −τRsµR 1 −τRcµR 0
−eR −sµR −τR cµR 0
0 0 0 0 1

. (B.35)
The diagonal structure of the upper-left 3× 3 block holds as far as eL,R , τL,R  1. The
large mixing with the muon and VL leptons indicate that λe ∼ ye2 ∼ mµ/vH to explain
the muon mass without fine-tuning. The Yukawa couplings in the off-diagonal block are
given by
y˜eL =

cµR(−λeeL + ye1eR)
cµLsµRy
e
2 − cµRsµLλe
cµR(−λeτL + ye3τR)
 , y˜eR =

cµL(−λeeR + ye1eL)
cµRsµLy
e
2 − λecµLsµR
cµL(−λeτR + ye3τL)
 . (B.36)
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Their size is estimated as
y˜eL1,R1 . 1.0× 10−9 ×
( e
10−6
)(max (λe, ye1)
10−3
)
, (B.37)
y˜eL2,R2 . y
e
2 ∼ 1.0× 10−3, (B.38)
y˜eL3,R3 . 1.0× 10−4 ×
( τ
10−2
)( ye3
mτ/vH
)
. (B.39)
Hence, the perturbative corrections to the off-diagonal elements are at most,
∆meij ∼
y˜eLi y˜
e
Rj
λ′f
MELMER
v3H . τ
mµmτ
MELMER
λ′evH (B.40)
∼ 1.3× 10−6 GeV ×
( τ
0.01
)( 500 GeV√
MELMER
)2(
λ′e
1.0
)
.
Consequently, the basis defined in Eq. (B.22) is very close to the mass basis and flavor
violating couplings of the charged leptons to the SM bosons are strongly suppressed.
Using the above results, the Z ′ couplings to charged leptons are given by
−gˆZ′eL ∼ g′

2eL sµLeL eLτL −cθLcµLeL sθLcµLeL
sµLeL s
2
µL
sµLτL −cθLcµLsµL sθLcµLsµL
τLeL sµLτL 
2
τL
−cθLcµLτL sθLcµLτL
−cθLcµLeL −cθLcµLsµL −cθLcµLτL c2θLc2µL + s2θL cθLsθLs2µL
sθLcµLeL sθLcµLsµL sθLcµLτL cθLsθRs
2
µL
c2θL + c
2
µL
s2θL

, (B.41)
−gˆZ′eR ∼ g′

2eR sµReR eRτR −sθRcµReR −cθRcµReR
sµReR s
2
µR
sµRτR −sθRcµRsµR −cθRcµRsµR
τReR sµRτR 
2
τR
−sθRcµRτR −cθRcµRτR
−sθRcµReR −sθRcµRsµR −sθRcµRτR c2θR + s2θRc2µR −cθRsθRs2µR
−cθRcµReR −cθRcµRsµR −cθRcµRτR −cθRsθRs2µR s2θR + c2µRc2θR

. (B.42)
The mixing effects from U2eL,R are neglected. In the same approximation, the off-diagonal
Yukawa couplings of χ to VL and SM fermions are given by
[
Yˆ χe
]
aj
=
cµLMEL
vΦ
(
cθReL cθRsµL cθRτL
−sθReL −sθRsµL −sθRτL
)
, (B.43)
[
Yˆ χe
]
ib
=
cµRMER
vΦ

sθLeR cθLeR
sθLsµR cθLsµR
sθLτR cθLτR
 . (B.44)
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Unlike the Z ′ boson, χ does not couple to SM fermions unless U2eL,R is taken into account.
The Yukawa couplings to the SM leptons are estimated as
[
Yˆ χe
]
ij
. 1
MEVL

2eme emµ eτmτ
emµ mµ τmτ
eτmτ τmτ 
2
τmτ
 , (B.45)
where e, τ and MEVL are typical values of eL,R , τL,R and VL lepton masses, respectively.
Thus, the χ couplings to two SM fermions have an extra suppression factor m`/MEL,R
compared with the Z ′ couplings, while those to one SM fermion and one VL fermion do
not have this suppression. The couplings of σ are similar in structure than those of χ.
However the mass of σ is not bounded by vΦ implying that its effects can be decoupled
for large vφ.
Using above results, the leading contribution to ∆aµ from Z
′and χ boson can be
estimated by Eq. (3.14). Here we want to give more details on the combination of loop
functions CLR appearing there. The relevant combination of loop functions is defined as
CLR :=
M˜EL
λ′evH
(
cθLsθRGZ(xL) + sθLcθR
MELMER
2m2χ
GS(yL)
)
(B.46)
− M˜ER
λ′evH
(
sθLcθRGZ(xR) + cθLsθR
MELMER
2m2χ
GS(yR)
)
,
where xL,R := M˜
2
EL,R
/m2Z′ , yL,R := M˜
2
EL,R
/m2χ. This is straightforwardly obtained from
the sum of Eqs. (3.3) and (3.11), while using our approximations above. For large enough
mass splitting, λ′evH  |∆E| we can use Eq. (B.11) to simplify this expression to
CLR =
√
xLxR
GZ(xL)−GZ(xR)
xL − xR +
1
2
√
yLyR
yLGS(yL)− yRGS(yR)
yL − yR +O
(
λ′evH
∆E
)
.
(B.47)
On the other hand, if the VL mass splitting is small, |∆E| ME, we obtain the following
formula by using Eq. (B.15),
CLR = x
dGZ(x)
dx
+
y
2
d (y GS(y))
dy
+O
(
µE
ME
)
, (B.48)
where x := M2E/m
2
Z′ and y := M
2
E/m
2
χ and ME, ∆E and µE are defined in Eq. (B.14).
This expression is identical to the form which is obtained by taking a limit MEL →MER
or ∆E → 0, in CLR of Eq. (B.47). Hence, CLR in Eq. (B.47) is a good approximation even
if λ′evH ∼ ∆E. Formulae for µ → eγ and τ → µγ, Eq. (3.33) and (3.34), are obtained in
an analogous way.
Relatively light VL leptons with large Higgs Yukawa couplings (necessary to explain
∆aµ by chiral enhancement) may contribute significantly to h→ γγ. The Higgs couplings
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to VL leptons are approximately given by
[
Yˆ he
]
ab
∼ λ′e
(
cθRsθL cθRcθL
−sθRsθL −sθRcθL
)
, (B.49)
where λe is neglected. The amplitude of h→ γγ from the VL lepton loop is given by∑
X=L,R
yEXvH
M˜EX
AH1/2(τEX ) ∼
(λ′evH)
2
M˜2EL − M˜2ER
(
AH1/2(τEL)− AH1/2(τER)
)
, (B.50)
with τEL,R := m
2
H/4M˜
2
EL,R
. Again, the same result is obtained by using Eq. (B.11) or
Eq. (B.15), for small (|λ′e| vH  |∆E|) or large (|λ′e| vH , |∆E|  ME) VL mass splitting,
respectively.
B.4 Quarks
Before starting the analytical discussion of the quark couplings, let us obtain an estimate
for the necessary size of such couplings. Based on above results one finds that[
gˆZ
′
eR
+ gˆZ
′
eL
]
22
= g′(s2µL + s
2
µR
) ∼ g′ (B.51)
is required in order to explain ∆aµ. The Z
′ contribution to Cµ9 can then be estimated as
|Cµ9 | ∼ 1.0×
(
0.3
g′
)(
1 TeV
vΦ
)2(s2µL + s2µR
1.0
)([
gˆZ
′
dL
]
23
0.001
)
. (B.52)
Thus, the b → s`+`− anomalies can be explained even with the permille Z ′ couplings to
quarks.
Let us start the discussion of quark mass diagonalization in a basis where the upper-left
blocks of the quark mass matrices have already been diagonalized,
Mu =

yui δijvH 0i λ
U
i vΦ
0j λuvH λ
U
V vφ
λQj vΦ λ
Q
V vφ λ
′
uvH
 , Md =

ydi δijvH 0i λ
D
i vΦ
0j λdvH λ
D
V vφ
λQj vΦ λ
Q
V vφ λ
′
dvH
 . (B.53)
The quark couplings to the Higgs, Z, and Z ′ bosons is the same as in the gauge basis,
while the W boson couplings (2.29) are changed to
LW = g√
2
W+µ uγ
µ


Vij 0i 0i
0j 1 0
0j 0 0
PL +

0ij 0i 0i
0j 0 0
0j 0 1
PR
 d+ h.c. (B.54)
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Here, Vij ∼ VCKM is expected because of the small mixings between VL and SM quarks.
In general, the mass matrices can be diagonalized exactly in the same way as for the
charged leptons in the previous section, but all mixing angles can be taken to be small.
We define the small mixing angles,
Qi :=
vΦλ
Q
i
λQV vφ
, Ui :=
vΦλ
U
i
λUV vφ
, Di :=
vΦλ
D
i
λDV vφ
. (B.55)
With this parametrization, the unitary matrices are
U0uL = U
0
dL
=

1 0 0 Q1 0
0 1− 2Q2/2 −Q2Q3 Q2 0
0 0 1− 2Q3/2 Q3 0
−Q1 −Q2 −Q3 1− (2Q2 + 2Q3)/2 0
0 0 0 0 1

, (B.56)
U0uR =

δij Ui 0i
−Uj 1 0
0j 0 1
 , U0dR =

δij Di 0i
−Dj 1 0
0j 0 1
 . (B.57)
Here, we keep terms of O
(
2Q2,3
)
and linear for the other angles. The Yukawa couplings
in the off-diagonal elements of (B.6) are given by
y˜uRi ∼ Qiyui , y˜uLi ∼ Uiyui , y˜dRi ∼ Qiydi , y˜dLi ∼ Diydi . (B.58)
The perturbative correction to the SM up quark mass matrix is
∆muij ∼ − UiQjyui yuj
λ′uv
2
H
MULMUR
(B.59)
∼ 1.0× 10−8 GeV ×
(√
UiQj
10−2
)2(
λ′u
1.0
)(√
muimuj
15 GeV
)2(
1.5 TeV√
MULMUR
)2
,
where the MUL(R) is the left-handed (right-handed) VL quark mass ∼ λQ(U)V vφ. Hence, the
basis defined as in Eq. (B.22) is to a very good approximation the mass basis. Perturbative
corrections for the down quarks are even smaller due to their lighter masses.
The Z ′ boson couplings are estimated as[
gˆZ
′
uL
]
ij
=
[
gˆZ
′
dL
]
ij
∼ g′QiQj ,
[
gˆZ
′
uR
]
ij
∼ g′UiUj ,
[
gˆZ
′
dR
]
ij
∼ g′DiDj . (B.60)
Thus, the b→ s`+`− anomaly requires Q2Q3 ∼ 10−3.
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We now estimate the couplings to Z and Higgs boson. We focus on the up quark
sector, where mixing effects are larger due to the heavy top quark. The Higgs Yukawa
coupling are estimated as[
(UuL)
†Y hu U
u
R
]
ij
− yui δij ∼ 1.3× 10−4 ×
(√
QiQj
0.1
)2(√muimuj
170 GeV
)2(
1.5 TeV
MUVL
)2
(B.61)
and the weak-isospin part of the Z boson couplings are[
(UuL)
†P5U
u
L
]
ij
− δij ∼ 1.3× 10−6 ×
(√
UiUj
0.01
)2(√muimuj
170 GeV
)2(
1.5 TeV
MUVL
)2
, (B.62)[
(UuR)
†P5UuR
]
ij
∼ 1.3× 10−4 ×
(√
QiQj
0.1
)2(√muimuj
170 GeV
)2(
1.5 TeV
MUVL
)2
, (B.63)
where MUVL is a typical VL up quark mass. Thus, the EW boson couplings to the SM
up quarks do not significantly deviated from their SM values. Those for the down quarks
are even more suppressed by the smaller down quark masses.
The W boson couplings to the right-handed SM quarks are estimated as[
(UuR)
†P5UdR
]
ij
∼ 1.3× 10−4 ×
(√
QiQj
0.1
)2(√muimuj
170 GeV
)2(
1.5 TeV
MUVL
)2
. (B.64)
An estimation of the non-unitarity of the extended CKM matrix has already been given
in Eq. (3.105). In addition, the off-diagonal elements involving the VL quarks are[
VˆCKM
]
4j
∼ 0,
[
VˆCKM
]
5j
∼
∑
k=1,2,3
y˜u∗LkvH
MUR
Vkj ∼ U3
mt
MUR
V3j, (B.65)
[
VˆCKM
]
i4
∼ 0,
[
VˆCKM
]
i5
∼
∑
k=1,2,3
y˜dLkvH
MDR
Vik ∼ D3
mb
MDR
Vi3, (B.66)
where we have neglected terms in U1uL,R , U
1
dL,R
of O (suL,R , sdL,R). These effects are much
smaller for quarks as compared to charged leptons owing to the heavier VL quark masses.
B.5 Neutrinos
We consider the type-I seesaw mechanism with Majorana masses MMaj ∼ 1014 GeV. In
this model, there are three left-handed Majorana neutrinos, mνL ∼ v2H/MMaj, three right-
handed Majorana neutrinos, mνR ∼ MMaj and two vector-like Dirac neutrinos, mN ∼
vΦ. Here we want to show that the mixings among these three types of neutrinos are
suppressed by the large Majorana mass terms.
The 10 × 10 mass matrix in Eq. (2.15) is diagonalized as follows. At first, we rotate
only the left-handed neutrinos as
νLi
N ′L
NL
 =: V nL

ν˜Li
N˜ ′L
N˜L
 , (B.67)
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with a unitary matrix V nL which is given by
V nL = U
0
nL
U1nL , U
0
nL
=

1ij 0i 0i
0j cN sNe
iφN
0j −sNe−iφN cN
 , U1nL =
(
zNj nN 0
0j 0 1
)
. (B.68)
Here,
cN :=
∣∣λNV ∣∣ vφ
M˜N
, sN :=
|λn| vH
M˜N
, with M˜N :=
√
|λNV vφ|2 + |λnvH |2, (B.69)
and φN := Arg
(
λNV
)− Arg (λn). The four-component vectors zNi ,nN satisfy
z†NizNj = δij, z
†
Ni
nN = 0, nN = M˜
−1
L
(
λLj vΦ, cNλ
L
V vφ − sNe−iφNλ′nvH
)T
, (B.70)
where M˜L is defined as the normalization factor of n
†
NnN = 1. The Dirac matrix after
this rotation is given by
M˜n :=MnV nL =:

m˜nij µ
n
i µ
′
i
0j 0 M˜N
0j M˜L m˜5
 =:
(
m˜nij µib
0aj M
D
ab
)
, MD :=
(
0 M˜N
M˜L m˜5
)
, (B.71)
where a, b = 4, 5. Owing to the first rotation U0nL , the first three columns in the 4th and
5th rows in M˜n are all zero and there is no mixing between the singlet-like VL neutrinos
(NR, N
′
R) and left-handed light neutrinos ν˜L.
Back in the full 10 × 10 matrix (recall Eqs. (2.15) and (2.16))), we note that only
the first three rows couple to νRi and they will have O (MMaj) masses. Therefore, ν˜Li are
approximately the light Majorana neutrinos, while N˜ ′L, N˜L together with N
′
R, NR form ap-
proximately Dirac neutrinos. After integrating out the O (MMaj) right-handed neutrinos,
the effective 7× 7 mass matrix is given by
(
NR N
′
R ν˜
c
L N˜
′c
L N˜
c
L
)
02×2 02×3 MD
03×2 mν 3×2(
MD
)T
2×3 2×2


N cR
N
′c
R
ν˜L
N˜ ′L
N˜L

, (B.72)
where 2×3, 2×2, 3×2 are mass parameters suppressed by the Majorana mass term such as
(µn)TM−1Majµ
n. These terms are at most ofO(v2Φ/MMaj) and, therefore, negligible compared
to MD. The 3× 3 effective Majorana mass matrix mν for the active neutrinos ν˜L is given
by
mν = − (m˜n)T M−1Majm˜n. (B.73)
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Altogether, the mass terms for the neutrinos are decomposed as
Lneutrino = LR + Lν + LD
=
1
2
νRMMajν
c
R +
1
2
ν˜
c
Lmν ν˜L +
[(
NR N
′
R
)
MD
(
N˜ ′L
N˜L
)
+ h.c.
]
, (B.74)
where the family indices are omitted. The mixing terms among the three types of neutri-
nos, namely ν˜L, νR and the Dirac neutrinos, are all suppressed by MMaj and not stated.
The remaining mass matrices then are diagonalized as(
uNR
)†
MDu
N
L = diag (MN1 ,MN2) , (B.75)
and
(unR)
T MMaju
n
R = diag(M1,M2,M3), (u
n
L)
T mνu
n
L = diag(mν1 ,mν2 ,mν3). (B.76)
The mass basis for the active neutrinos νˆL, heavy right-handed neutrinos νˆR and Dirac
neutrinos Nˆa :=
(
NˆaL, Nˆ
a
R
)
are given by
[νˆL]i =
[
(unL)
†
]
ij
[
(V nL )
†
]
jA
[νL]A ,
[
NˆL
]
a
=
[(
uNL
)†]
ab
[
(V nL )
†
]
bA
[νL]A , (B.77)
[νˆR]i =
[
(unR)
†
]
ij
[νR]j ,
[
NˆR
]
a
=
[(
uNR
)†]
ab
[νR]b , (B.78)
where i, j = 1, 2, 3 , a, b = 4, 5 , and A = 1, 2, 3, 4, 5. Altogether, the relation between the
mass and gauge basis is
nL = U
n
L nˆL := V
n
L
(
unL 03×2
02×3 uNL
)(
νˆL
NˆL
)
, nR = U
n
RnˆR :=
(
unR 03×2
02×3 uNR
)(
νˆR
NˆR
)
. (B.79)
The mixing between the left- and right-handed neutrinos is suppressed by the heavy
Majorana masses, and therefore negligible.
The W boson coupling to the SM leptons is given by
LW = g√
2
W−µ eˆiγ
µPL
[
U †eLP5V
n
L
]
ik
[unL]kj [νˆL]j + h.c., (B.80)
where k = 1, 2, 3. Therefore, we define flavor neutrino states νf and the 3 × 3 PMNS
matrix as
νf := VPMNS νˆL, [VPMNS]ij :=
∑
k=1,2,3
[
U †eLP5V
n
L
]
ik
[unL]kj . (B.81)
The PMNS matrix is not unitary here. The non-unitarity comes from a misalignment
between nN and n
e
L (defined in Eqs. (B.70) and (B.3), respectively), and the small mixing
U2eL defined in Eq. (B.18). The mixing with the O (TeV) Dirac neutrino can be substantial
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if λn ∼ O (1). This would be an interesting possibility but is beyond the scope of the
present paper. We restrict ourselves to the case where λn is as small as λe and the mixing
between active and new Dirac neutrinos is negligible. In this case, the Z ′ boson couplings
to the flavor neutrinos defined in Eq. (B.81) is given by
LZ′νf = g′Z ′ρνˆi
[
U †nLQ
′
nL
UnL
]
ij
γρPLνˆj = g
′Z ′ρνfi
[
U †eLQ
′
nL
UeL
]
ij
γρPLνfj . (B.82)
Hence, the coupling of Z ′ to muon neutrinos can be estimated as
LZ′νµ ∼ −s2µLg′Z ′ρνµγρPLνµ +O (eL , τL) , (B.83)
where we have omitted couplings involving the Dirac neutrinos. The electron and tau
neutrinos have tiny couplings to Z ′ due to the tiny mixing angles eL , τL .
We can find parameters consistent with the experimental results on neutrino mass
differences and PMNS mixing [25]. This can be done by fitting the Yukawa couplings
involving the three generations of active neutrinos and the Majorana masses. The explicit
values of the neutrino Yukawa couplings at the best fit points are shown in the subsequent
section of the appendix. For simplicity, we always assume λNi = 0i, M
ij
Maj = M0δij and
take the lightest neutrino to be massless. However, nothing in our analysis really depends
on these assumptions. All of our fit points realize the experimental values of the mass
differences,
∆m221 = 7.37× 10−5 eV2, ∆m231 = 2.56× 10−3 eV2, (B.84)
mixing angles
sin2 θ12 = 0.297, sin
2 θ23 = 0.425, sin
2 θ13 = 0.0215, (B.85)
and the rephasing invariant
JCP := Im
(
V 23PMNSV
13∗
PMNSV
12
PMNSV
22∗
PMNS
)
= −0.03, (B.86)
within numerical errors. The Majorana mass is set to M0 = 10
14 GeV.
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C Input Parameters at Best Fit Points
C.1 Best Fit Point A
Values of the inputs parameters for the boson sector are given by
mZ′ = 277.608, vφ = 4079.3, g
′ = 0.250042, λχ = 0.689454, λσ = 0.210518 .
Values for fermion mass matrices are
Me =
0.000486575 0.000000322078 −0.0000009971 0 0.000201232
0.0000000453521 0.159775 0.00162206 0 −153.074
−0.0000614248 −0.00512644 −1.74616 0 −0.0409467
0 0 0 0.0000361209 448.074
−0.00000237863 −312.626 0.0547758 289.432 −174.104

,
Mn =
0. 0. 0. 0 0
−15.7947 28.3788 · e−0.0735218i 15.4093 · e0.107535i 0 0
10.4292 · e1.19397i 67.3777 · e0.0000000228655i −53.4556 0 0
0 0 0 1.54426 −454.964
−0.00000237863 −312.626 0.0547758 289.357 −21.7762

,
Mu =
0.000893504 0.00562655 0.688382 · e1.52313i 0 −0.0228009
−0.000172924 0.631189 −0.119538 0 −40.8575
0.535431 · e1.72288i 4.4472 −171.657 0 −8.7671
0 0 0 −0.000301965 −3596.52
0.0051151 214.302 −96.8583 3445.76 5.50646

,
Md =
0.0121338 0.0527148 0.0199472 · e−3.08081i 0 −0.0254167
−0.00528222 −0.0409769 −2.58755 0 −41.2307
0.00189847 · e−1.62491i −0.0198056 −1.21195 0 6.1041
0 0 0 −0.122713 −1571.54
0.0051151 214.302 −96.8583 3445.76 −1.99223

.
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C.2 Best Fit point B
Values of the inputs parameters for the boson sector are given by
mZ′ = 535.334, vφ = 3121.37, g
′ = 0.340407, λχ = 0.0062973, λσ = 0.00109477 .
The fermion mass matrices are
Me =
0.000486573 0.00000134295 −0.0000688018 0 0.0000061799
−0.000000884741 0.174184 0.00486889 0 684.361
−0.00000034416 0.00029932 1.74617 0 −0.0829304
0 0 0 0.0000177937 1115.66
0.000428239 926.678 0.0199536 887.77 −174.061

,
Mn =
0. 0. 0. 0 0
−15.7951 27.8222 · e3.06781i 15.4457 · e−3.03449i 0 0
10.43 · e1.19378i −66.2876 53.3662 · e0.0000000376777i 0 0
0 0 0 −1.21561 −1069.88
0.000428239 926.678 0.0199536 887.769 0.540635

,
Mu =
−0.00312202 −0.0252024 0.0072623 · e−1.88131i 0 −0.649726
0.17765 −5.43688 167.589 0 −1.65829
0.0045274 · e−1.07337i 2.00559 −41.9368 0 −8.95522
0 0 0 −0.00177389 −1852.98
0.0376789 93.9529 −311.597 2728.52 −0.157394

,
Md =
−0.00346891 −0.000644624 2.63889 · e−1.76496i 0 0.00777153
0.00266115 0.00621731 −0.0159 0 34.7376
0.0116163 · e1.39463i 0.0575321 1.13518 0 −5.3196
0 0 0 −0.00422283 2130.63
0.0376789 93.9529 −311.597 2728.52 0.0672149

.
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C.3 Best Fit point C
Values of the inputs parameters for the boson sector are given by
mZ′ = 486.709, vφ = 4980.22, g
′ = 0.322661, λχ = 1., λσ = 0.674008 .
Values for fermion mass matrices are
Me =
−0.000486574 −0.000000218258 0.0000503735 0 0.00061118
0.00000012205 0.367187 −0.000101055 0 −305.194
−0.00000174729 −0.000547026 1.74617 0 0.0455051
0 0 0 0.00551033 406.321
−0.000421884 −500.988 0.00636737 −193.583 −174.104

,
Mn =
0. 0. 0. 0 0
15.7952 · e−0.0000000265697i 53.3929 · e3.06779i 15.4488 · e0.107064i 0 0
10.4299 · e−1.94779i −127.249 −53.3586 0 0
0 0 0 0.362325 −4980.22
−0.000421884 −500.988 0.00636737 −193.583 −0.0644098

,
Mu =
0.00527096 0.251612 0.000517685 · e−1.90963i 0 −0.00571705
0.0154127 0.567102 −0.200693 0 −90.1228
0.151639 · e1.15375i −7.16893 −172.466 0 −0.116493
0 0 0 −0.000772971 −4980.22
0.019648 100.573 338.918 3708.84 −0.271052

,
Md =
0.00985885 −0.0404963 0.0721585 · e1.99027i 0 −1.03475
0.00481504 −0.0343246 0.0324285 0 −0.48716
0.00766034 · e1.63225i 0.000571412 2.86587 0 −13.2473
0 0 0 −0.000462012 4803.69
0.019648 100.573 338.918 3708.84 0.873924

.
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C.4 Best Fit point D
Values of the inputs parameters for the boson sector are given by
mZ′ = 758.743, vφ = 4820.94, g
′ = 0.348599, λχ = 0.00892191, λσ = 0.999999 .
Values for fermion mass matrices are
Me =
0.000486575 −0.00000000602545 0.00000019239 0 −0.0000102812
0.00000112006 0.146358 −0.0000795331 0 −407.638
−0.00000448652 −0.0000111978 −1.74616 0 0.0247399
0 0 0 −0.0735254 635.847
−0.00010118 −488.24 0.0995171 −337.63 −173.973

,
Mn =
0. 0. 0. 0 0
−15.7954 33.8318 · e3.06777i 15.455 · e0.106991i 0 0
10.4297 · e1.19386i −80.6485 −53.3437 0 0
0 0 0 −0.358095 −4820.94
−0.00010118 −488.24 0.0995171 −337.63 −0.575107

,
Mu =
−0.00226803 −0.00526038 0.00673866 · e2.97063i 0 −0.00737306
0.119732 0.618476 −0.00585875 0 −315.604
0.00911865 · e0.802338i 0.0270238 −172.537 0 1.13048
0 0 0 0.295538 4498.79
−0.15859 223.445 430.866 4039.17 110.941

,
Md =
−0.000626484 −0.0522184 0.124081 · e0.546067i 0 0.00126174
−0.00330599 0.0273122 0.00102239 0 −0.107688
0.0214224 · e2.66418i −0.115298 2.86442 0 2.97535
0 0 0 0.577941 −2442.58
−0.15859 223.445 430.866 4039.17 −1.82777

.
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D Full List of Observables at Best Fit Points
The CKM matrices at the best fit points are as follows:
Vˆ ACKM = (D.1)
0.974468 0.224499 0.003595 · e−1.227622i 0.000000 0.000000
0.224355 · e−3.140947i 0.973615 0.041688 0.000003 · e1.366139i 0.000000
0.008820 · e−0.382954i 0.040903 · e−3.122994i 0.999124 0.000042 · e−1.775654i 0.000074 · e1.418692i
0.000001 0.000003 · e−1.560707i 0.000076 · e1.562550i 0.000707 · e2.928496i 0.999823 · e−0.160351i
0.000001 · e−0.344253i 0.000007 · e3.077755i 0.000116 · e−0.076994i 0.000013 · e−1.852631i 0.018809 · e1.341708i

Vˆ BCKM = (D.2)
0.974466 0.224508 0.003584 · e−1.226648i 0.000000 0.000000
0.224366 · e−3.140954i 0.973626 0.041369 0.000000 0.000000
0.008750 · e−0.384851i 0.040591 · e−3.122912i 0.999137 0.000002 · e2.471251i 0.000452 · e3.135974i
0.000001 0.000003 · e0.131789i 0.000028 · e−3.020122i 0.000000 0.000107 · e0.115817i
0.000004 · e−0.379008i 0.000018 · e−3.117107i 0.000451 · e0.005807i 0.000059 · e−0.661943i 1.000000 · e0.000188i

Vˆ CCKM = (D.3)
0.974464 0.224515 0.003607 · e−1.228436i 0.000000 0.000000
0.224372 · e−3.140948i 0.973621 0.041465 0.000000 0.000000
0.008778 · e−0.386411i 0.040686 · e−3.122824i 0.999133 0.000197 · e−1.153121i 0.000002 · e−2.377782i
0.000002 · e−2.344296i 0.000008 · e1.202460i 0.000197 · e−1.957901i 1.000000 · e0.030571i 0.000353 · e−1.192357i
0.000000 0.000002 · e1.151528i 0.000002 · e1.142344i 0.000092 · e−0.011322i 0.000000

Vˆ DCKM = (D.4)
0.974469 0.224495 0.003583 · e−1.226283i 0.000002 · e2.166735i 0.000000
0.224353 · e−3.140955i 0.973629 0.041373 0.000013 · e2.159161i 0.000000
0.008749 · e−0.384634i 0.040596 · e−3.122928i 0.999137 0.000026 · e−0.956519i 0.000190 · e2.280798i
0.000002 · e−2.598386i 0.000010 · e0.880650i 0.000191 · e−2.281000i 0.000829 · e3.045676i 0.993172 · e3.141399i
0.000002 · e−2.249810i 0.000013 · e0.886543i 0.000002 · e0.865773i 0.000097 · e−0.095778i 0.116659 · e−0.000055i

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Table 13: Observables for charged leptons at the benchmark points.
Name Point (A) Point (B) Point (C) Point (D) Data Unc.
me(mZ) [GeV] ×104 4.8658 4.8658 4.8658 4.8658 4.8658 0.00049
mµ(mZ) [GeV] 0.102719 0.102719 0.102719 0.102719 0.102719 0.000010
mτ (mZ) [GeV] 1.7462 1.7462 1.7462 1.7462 1.7462 0.00017
Br (µ→ eνν) 0.999965 0.999970 0.999971 0.999971 0.999971 0.000100
Br (µ→ eγ) ×1013 0.147 1.597 6.1×10−2 0.822 0 2.6
Br (µ− → e−e+e−) ×1013 0.000 0.000 0.000 0.000 0 6.1
Br (τ → eνν) 0.178510 0.178510 0.178510 0.178510 0.178510 0.000018
Br (τ → µνν) 0.173611 0.173612 0.173612 0.173612 0.173612 0.000017
Br (τ → eγ) ×108 0.000 0.000 0.000 0.000 0 2.0
Br (τ → µγ) ×108 3.3×10−4 3.6×10−4 3.3×10−6 8.5×10−7 0 2.7
Br (τ− → e−e+e−) ×108 0.000 0.000 0.000 0.000 0 1.6
Br (τ− → e−µ+µ−) ×108 0.000 0.000 0.000 0.000 0 1.6
Br (τ− → µ−e+µ−) ×108 0.000 0.000 0.000 0.000 0 1.0
Br (τ− → µ−e+e−) ×108 0.000 0.000 0.000 0.000 0 1.1
Br (τ− → µ−e+µ−) ×108 0.000 0.000 0.000 0.000 0 1.0
Br (τ− → µ−µ+µ−) ×108 7.0×10−3 4.8×10−4 6.6×10−5 4.4×10−6 0 1.3
∆ae ×1013 0.000 -8.8×10−9 0.000 0.000 -8.700 3.6
∆aµ ×109 2.62 2.52 2.52 2.45 2.68 0.76
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Table 14: Observables for SM bosons at the benchmark points.
Name Point (A) Point (B) Point (C) Point (D) Data Unc.
Br (W+ → e+ν) 0.10862 0.10862 0.10862 0.10862 0.10862 0.00011
Br (W+ → µ+ν) 0.10862 0.10862 0.10862 0.10862 0.10862 0.00011
Br (W+ → τ+ν) 0.10855 0.10855 0.10855 0.10855 0.10855 0.00011
Br (W → had) 0.652 0.652 0.652 0.652 0.666 0.025
Br (W+ → cs) 0.309 0.309 0.309 0.309 0.324 0.032
Br (Z → e+e−) ×102 3.333 3.333 3.333 3.333 3.333 0.0062
Br (Z → µ+µ−) ×102 3.333 3.333 3.333 3.333 3.333 0.0062
Br (Z → τ+τ−) ×102 3.326 3.326 3.326 3.326 3.326 0.0062
Br (Z → had) 0.676 0.676 0.676 0.676 0.677 0.025
Br (Z → uu+ cc) /2 0.1157 0.1157 0.1157 0.1157 0.1157 0.0043
Br
(
Z → dd+ ss+ bb) /3 0.1483 0.1483 0.1483 0.1483 0.1483 0.0056
Br (Z → cc) 0.1157 0.1157 0.1157 0.1157 0.1157 0.0043
Br
(
Z → bb) 0.1479 0.1479 0.1479 0.1479 0.1479 0.0056
Br (Z → eµ) ×107 0.000 0.000 0.000 0.000 0 3.8
Br (Z → eτ) ×106 0.000 0.000 0.000 0.000 0 5.0
Br (Z → µτ) ×106 0.000 0.000 0.000 0.000 0 6.1
Ae 0.1469 0.1469 0.1469 0.1469 0.1469 0.0015
Aµ 0.147 0.147 0.147 0.147 0.147 0.015
Aτ 0.1469 0.1469 0.1469 0.1469 0.1469 0.0015
As 0.941 0.941 0.941 0.941 0.941 0.094
Ac 0.6949 0.6949 0.6949 0.6949 0.6949 0.0069
Ab 0.9406 0.9406 0.9406 0.9406 0.9406 0.0094
µµµ 0.977 0.977 0.976 0.977 0 1.3
µττ 0.981 0.981 0.981 0.981 1.12 0.23
µbb 0.843 0.842 0.843 0.842 0.950 0.22
µγγ 1.00 1.00 1.00 1.00 1.16 0.18
Br (h→ e+e−) ×104 4.8×10−5 4.8×10−5 4.8×10−5 4.8×10−5 0 9.7
Br (h→ eµ) ×104 0.000 0.000 0.000 0.000 0 1.8
Br (h→ eτ) ×103 0.000 0.000 0.000 0.000 0 3.1
Br (h→ µτ) ×103 0.000 0.000 0.000 0.000 0 1.3
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Table 15: SM quark masses and CKM matrix at the benchmark points.
Name Point (A) Point (B) Point (C) Point (D) Data Unc.
mu(mZ) [GeV] ×103 1.27 1.29 1.32 1.22 1.29 0.39
mc(mZ) [GeV] 0.627 0.627 0.627 0.626 0.627 0.019
mt(mZ) [GeV] 171.64 171.71 171.88 171.57 171.68 1.5
md(mZ) [GeV] ×103 2.76 2.76 2.76 2.72 2.75 0.29
ms(mZ) [GeV] ×103 54.30 54.47 54.14 55.11 54.32 2.9
mb(mZ) [GeV] 2.86 2.85 2.86 2.85 2.85 0.026
|Vud| 0.97447 0.97447 0.97446 0.97447 0.97420 0.00021
|Vus| 0.22450 0.22451 0.22451 0.22450 0.22430 0.00050
|Vub| ×103 3.60 3.58 3.61 3.58 3.94 0.36
|Vcd| 0.2244 0.2244 0.2244 0.2244 0.2180 0.0040
|Vcs| 0.974 0.974 0.974 0.974 0.997 0.017
|Vcb| ×102 4.17 4.14 4.15 4.14 4.22 0.080
|Vtd| ×103 8.82 8.75 8.78 8.75 8.10 0.50
|Vts| ×102 4.09 4.06 4.07 4.06 3.94 0.23
|Vtb| 0.999 0.999 0.999 0.999 1.02 0.025
α 1.53 1.53 1.53 1.53 1.47 0.097
sin 2β 0.694 0.697 0.699 0.697 0.691 0.017
γ 1.23 1.23 1.23 1.23 1.28 0.081
Table 16: Observables for quarks at the benchmark points.
Name Point (A) Point (B) Point (C) Point (D) Data Unc.
∆MK [ps
−1] ×103 6.886 5.012 4.633 4.622 5.293 2.2
K ×103 2.23 2.23 2.17 2.22 2.23 0.21
∆MBd [ps
−1] 0.561 0.610 0.598 0.590 0.506 0.081
SψKs 0.697 0.696 0.692 0.695 0.695 0.019
∆MBs [ps
−1] 19.61 19.75 19.44 19.95 17.76 2.5
Sψφ ×102 3.659 3.742 3.730 3.791 2.100 3.1∣∣xD12∣∣ ×103 1.7×10−3 5.4×10−3 0.195 0.285 0 5.0
RννK 1.046 1.053 1.060 1.057 1.000 2.6
RννK∗ 1.046 1.053 1.060 1.057 1.000 2.7
RBd→µµ 0.985 0.888 0.867 0.971 1.509 1.4
RBs→µµ 0.841 0.890 0.850 0.861 0.750 0.16
Γt 1.49 1.49 1.49 1.49 1.41 0.17
Br (t→ Zq) ×104 0.000 0.000 0.000 0.000 0 2.6
Br (t→ Zu) ×104 0.000 0.000 0.000 0.000 0 9.7
Br (t→ Zc) ×104 0.000 0.000 0.000 0.000 0 8.2
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Table 17: Wilson coefficients relevant to b→ s`` processes and BR(B → Kτ+τ−) at the
benchmark points.
Name Point (A) Point (B) Point (C) Point (D) Data Unc.
ReCe9 0.000 0.000 0.000 0.000 0 0.10
ImCe9 0.000 0.000 0.000 0.000 0 0.10
ReCe10 0.000 0.000 0.000 0.000 0 0.10
ImCe10 0.000 0.000 0.000 0.000 0 0.10
ReC
′e
9 0.000 0.000 0.000 0.000 0 0.10
ImC
′e
9 0.000 0.000 0.000 0.000 0 0.10
ReC
′e
10 0.000 0.000 0.000 0.000 0 0.10
ImC
′e
10 0.000 0.000 0.000 0.000 0 0.10
ReCµ9 -0.548 -0.806 -0.838 -0.808 -0.700 0.30
ImCµ9 -1.0×10−2 6.2×10−4 -6.8×10−3 5.4×10−3 0 0.10
ReCµ10 0.370 0.252 0.347 0.322 0.400 0.20
ImCµ10 6.9×10−3 -1.9×10−4 2.8×10−3 -2.1×10−3 0 0.10
ReC
′µ
9 1.0×10−3 8.9×10−5 2.2×10−4 -2.6×10−6 0 0.10
ImC
′µ
9 8.5×10−4 -4.1×10−5 -4.4×10−5 -4.1×10−6 0 0.10
ReC
′µ
10 -7.1×10−4 -2.8×10−5 -9.2×10−5 1.1×10−6 0 0.10
ImC
′µ
10 -5.8×10−4 1.3×10−5 1.8×10−5 1.6×10−6 0 0.10
Br (B → Kτ+τ−) ×103 1.2×10−4 1.2×10−4 1.2×10−4 1.2×10−4 0 1.4
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Table 18: Masses, total widths, and branching fractions (BR) at point (A). Decay 1(2)
denote the (next to) dominant decay mode.
Mass [GeV] Width [GeV] Decay 1 BR Decay 2 BR
Z ′ 277.6 0.1361 µµ 0.5091 ν ν 0.4907
χ 651.9 0.669538 E1µ 0.4391 N1ν 0.4227
σ 1871.7 0.9049 N2N2 0.2988 E2E2 0.1473
E1 367.9 0.0354639 Z
′µ 1. hµ 0.
N1 422.2 0.0817534 Z
′ν 0.9995 Wµ 0.0003
N2 459. 0.113389 WE1 0.8792 Z
′ν 0.1179
E2 548.3 4.07452 WN1 0.4799 ZE1 0.4415
D1 1572.1 0.0371 Z
′b 0.4117 χb 0.2831
U1 3453.7 3.0221 Z
′c 0.4117 χc 0.3829
D2 3453.8 3.0228 Z
′s 0.4063 χs 0.3779
U2 3596.8 0.1085 Z
′c 0.4504 χc 0.4213
Table 19: Masses, total widths, and branching fractions (BR) at point (B). Decay 1(2)
denote the (next to) dominant decay mode.
Mass [GeV] Width [GeV] Decay 1 BR Decay 2 BR
Z ′ 535.3 0.5097 µµ 0.5595 νν 0.4388
χ 88.2 1.6×10−8 µµ 0.6045 bb 0.36
σ 103.3 2.3×10−9 µµ 0.6041 bb 0.3604
N1 1069.9 0.000572547 Wµ 0.4724 Zν 0.2362
E1 1211.1 3.27601 χµ 0.5235 Z
′µ 0.4765
N2 1283.3 4.05237 χν 0.5185 Z
′ν 0.4814
E2 1386.9 8.53551 ZE1 0.2959 χµ 0.2563
U1 1853. 0.0013 χc 0.4647 Z
′c 0.4576
D1 2130.9 0.0223 χd 0.4696 Z
′d 0.4659
D2 2747.9 2.8004 χb 0.3747 Z
′b 0.3739
U2 2747.9 2.8081 χt 0.3827 Z
′t 0.3818
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Table 20: Masses, total widths, and branching fractions (BR) at best fit point C. De-
cay 1(2) denote the (next to) dominant decay mode.
Mass [GeV] Width [GeV] Decay 1 BR Decay 2 BR
Z ′ 486.7 1.1178 µµ 0.5335 νν 0.4552
χ 1066.6 1.587 E1µ 0.3284 E2µ 0.2668
σ 4088.7 0.8017 E2µ 0.2006 E1E1 0.1768
E1 441.7 6.613×10−6 hµ 0.6816 Zµ 0.2172
N1 537.1 0.851545 WE1 0.9924 Z
′ν 0.0076
E2 618. 2.17089 ZE1 0.8738 WN1 0.0772
N2 4980.2 0.000430776 Wµ 0.4334 Zν 0.2167
D1 3725.6 4.0242 Z
′b 0.46 χb 0.3881
U1 3725.7 4.0254 Z
′t 0.4705 χt 0.3967
D2 4803.7 0.0086 Z
′b 0.4274 χb 0.3864
U2 4981. 0.3388 Z
′c 0.4381 χc 0.3989
Table 21: Masses, total widths, and branching fractions (BR) at best fit point D. De-
cay 1(2) denote the (next to) dominant decay mode.
Mass [GeV] Width [GeV] Decay 1 BR Decay 2 BR
Z ′ 758.7 1.481 µµ 0.448 νν 0.3779
χ 145.4 6.0×10−9 bb 0.5551 µµ 0.2299
σ 4820.9 2.8529 E2E2 0.2771 E2µ 0.1646
E1 561.3 0.0765212 χµ 1. hµ 0.
N1 593.6 0.0849371 χν 1. Wµ 0.
E2 798.8 8.70794 WN1 0.526 ZE1 0.3138
N2 4820.9 0.00162908 WE1 0.3378 ZN1 0.2083
D1 2442.6 0.0001 χb 0.46 Z
′b 0.4511
U1 4061.7 4.3534 χt 0.3504 Z
′t 0.3501
D2 4068.2 4.4075 χb 0.3372 Z
′b 0.3368
U2 4517.1 14.0401 WD2 0.4354 ZU1 0.2226
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